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ABSTRACT 
A Chlamydomonas gene CAH1 is responsible for the expression of the secreted 
protein periplasmic Carbonic Anhydrase 1 (CAH1), which undergoes unique post-
translational processing. The pre-protein that has endomembrane targeting sequence and one 
large and one small subunit separated by a small 35 amino acid stretch called as spacer, 
undergoes proteolytic processing that cleaves off the targeting sequence and the spacer, 
giving rise to a mature, glycosylated CAH1 protein. This hetero-tetramer consists of two 
large and two small subunits attached to each other by disulphide bridges.  
This research work involves the analysis of the intrinsic factors of the pre-protein that 
are essential for the proteolytic cleavage of the spacer from the pre-protein. Various potential 
target sites for the proteases, in and around the spacer region for the proteolytic cleavage 
were investigated by generating transgenic Arabidopsis plants expressing mutated forms of 
CAH1 gene. Failure to locate any amino acid sequence/s inside or around the spacer region 
that controls proteolysis suggests that the proteolysis of the pre-protein is largely independent 
of the sequence of amino acid residues separating large and small subunits which was 
supported by successful demonstration of proteolysis of the constructs with the spacer with 
reverse order of amino acid residues and the spacer with radically different amino acid 
sequence, in transgenic Arabidopsis plants. We predict possible involvement of more than 
one protease that act on more than one target sequence in and/or around the spacer region. 
Analysis of the constructs with progressively reducing number of amino acid residues 
between the disulfide bond forming cystine residues of large and small subunit suggests that 
the proteolytic cleavage may be dependent more on the number and the composition of the 
amino acids between the two cystine residues that form a disulfide bridge between large and 
small subunits, than the actual sequence. Most interestingly the successful proteolysis of the 
CAH1 construct lacking previously demonstrated spacer region questions the very 
requirement of the spacer for the proteolysis of the pre-protein. Even though more research is 
required to understand this processing better, the post-translational processing undergone by 
CAH1 may utilize a mechanism that is conserved across the diverse kingdoms making it an 
interesting and important process to study.  
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GENERAL INTRODUCTION 
 Site specific, limited proteolysis is a selective mechanism that acts in concert with 
other post-translational modifications in many cellular processes such as embryogenesis 
(Zhu et al 2002), programmed cell death (Thornberry et al 1998) and intracellular protein 
targeting (Martoglio et al 1998). Typically, genes first are transcribed in the nucleus to 
generate mRNAs which in turn are translated in the cytosol to form pre-proteins. The 
endomembrane targeting signal peptide, which is usually present at the N-terminus of the 
pre-protein, is identified by the signal recognition particle(SRP)  targeting the nascent 
polypeptide to the endomembrane where signal peptidase cleaves the signal peptide and 
the polypeptide chain gains entry into the endoplasmic reticulum. During the journey 
through the secretory pathway, which includes the endoplasmic reticulum, Golgi bodies 
and secretory vesicles, the secretory protein undergoes a series of prost-translational 
modifications required for generating a correctly folded, functional protein. This research 
focuses on characterizing the proteolytic processing of the periplasmic carbonic 
anhydrase 1 (CAH1), from Chlamydomonas reinhardtii.   
 
Background Information of Carbonic Anhydrase 
 Carbonic anhydrase (CA) catalyzes the reversible hydration of CO2 (CO2 + H2O 
↔ HCO3- + H+). The concentration of the environmental CO2, which is an important 
metabolite for all photoautotrophs, is low (350 ppm). While bicarbonate (HCO3-) is 
highly soluble in aqueous solutions but not in lipid-rich cellular and organellar 
membranes, CO2 is highly soluble both in aqueous environments as well as in lipids. 
Thus CO2 can freely diffuse in and out of the cell as well as the cellular organelles, but 
HCO3- needs specific transporters for crossing membranes. Thus conversion of HCO3- to 
CO2 may facilitate the transport of HCO3- into the cell while conversion of CO2 to HCO3- 
may play a role in trapping CO2 inside the cell. The enzyme that catalyses this reversible 
conversion is CA. This enzyme was independently discovered first in 1933 by Meldrum 
and Roughton and by Stadie and O’Brien. (As reviewed by Smith et al 2000). It was fist 
characterized as a catalytic factor that had been theoretically determined as necessary for 
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the rapid transit of HCO3- from erythrocytes to the pulmonary capillary. It is also 
noteworthy that this was the first zinc metalloenzyme to be identified and characterized. 
Since the discovery of this zinc metalloenzyme in erythrocytes 70 years ago, CA has been 
found in virtually all mammalian tissues as well as in plants, green unicellular algae and 
bacteria. Depending on the three dimensional structures, CAs have been grouped in to 
three different classes namely α (dominated by α helices), β (dominated by β sheets and 
γ. All three classes have been shown to be present in plants and algae.  
 
Background Information of CA From Chlamydomonas reinhardtii 
 In Chlamydomonas, a unicellular, eukaryotic green alga, various CA isozymes 
from cytosol, chloroplast (Karlsson et al., 1995, Funke et al., 1997) and the periplasmic 
space (Fukuzawa et al. 1990, Fujiwara et al. 1990) have been identified. Limiting CO2 
concentrations result in a stress response in Chlamydomonas characterized by induction 
of a CO2-concentrating mechanism (CCM). Induction of the CCM, which takes place 
only when CO2 supply is limiting, produces a large intracellular pool of inorganic carbon 
(Ci), which facilitates efficient photosynthesis under low ambient CO2 conditions. Under 
limiting CO2 conditions the major CA activity is localized in the periplasmic space, and 
the products of two genes, CAH1 and CAH2, have been identified as being associated 
with periplasmic CA activity (Fukuzawa et al. 1990, Fujiwara et al. 1990). Expression of 
CAH1 is induced when cells experiences limiting CO2 supply, while expression of CAH2 
is induced only when CO2 supply is in abundance. However the role of the CAH1 gene 
product in the CCM is still controversial. It was thought that the CAH1 gene product, 
CAH1, is involved in concentrating the Ci pool in the periplasmic space of 
Chlamydomonas which would be essential for the normal growth of the cell under 
limiting CO2 conditions. However, a mutant cell line with a nonfunctional CAH1 gene 
did not show any apparent phenotypic difference from the wild type cells when grown 
autotrophically under limiting CO2 supply questioning the importance of CAH1 in the 
CCM (Van et. al. 1999). It has been suggested that that the periplasmic CA does not play 
any essential physiological role for an individual cell, but it may, however, play an 
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ecological role for a population. Under natural conditions, the localized depletion of 
dissolved Ci in water can occur when the cell density is high and photosynthesis is active. 
Therefore, the periplasmic CA may be required to accelerate CO2 exchange at the air-
water interface. 
 The gene of our interest, CAH1, is a nuclear encoded gene encoding the secreted 
protein CAH1. The primary translation product is a pre-protein calculated to be 41.6 kDa. 
This protein undergoes intense post translational modification to give rise to a 
glycosylated heterotetramer assembled with disulphide bridges which gets secreted. 
(Fukuzawa et al 1990).  
 
Post-translational Modifications and Secretory Pathway 
 Protein secretion is a multi step process in eukaryotes where a series of 
modifications are performed sequentially by various cellular organelles to give rise to an 
active form of secreted protein. The first step in this process is targeting of the pre-protein 
to the endoplasmic reticulum (ER) by a signal sequence. There are various ways by 
which a signal sequence can target the pre-protein to the ER, out of which the Signal 
Recognition Particle (SRP)-dependent pathway and SRP independent pathway (which is 
demonstrated well in yeast) are the best studied (Martoglio et al 1998). In the SRP-
dependent pathway, SRP, a cytosolic ribonucleoprotein that has a small RNA molecule 
and six different protein subunits, specifically recognizes and binds to the signal peptide. 
Usually after association between SRP and the nascent polypeptide, translation is arrested 
to prevent the misfolding or aggregation of the protein, and the whole assembly makes 
contact with the ER membrane with the help of SRP receptor, after which the SRP is 
released. The signal peptide is cleaved by Signal Peptidase found on the ER membrane. 
Then the translation of the mRNA and translocation of the resulting polypeptide into the 
ER lumen via sec61 translocation machinery, takes place simultaneously. 
 The ER contains various enzymes and chaperones that ensure the proper folding 
of the protein and is one of the most dynamic and versatile cell organelles, performing 
various important functions in the secretory pathway, including addition of N-glycans, 
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folding and oligomerization of the proteins assisted by chaperones like BiP, formation of 
correct disulphide bonds catalyzed by protein disulfide isomerase (PDI) and removal of 
misfolded proteins. 
 As soon as the nascent polypeptide emerges in to the ER lumen, ER chaperones 
like BiP interact especially with the hydrophobic residues to prevent their aggregation. 
Along with BiP, there is evidence that the other chaperones like GPR94, calnexin, and 
calreticulin also play roles in proper folding of the protein. 
 Usually secreted proteins contain one or more disulfide bonds that stabilize the 
fold in the protein or help in oligomerization. A disulfide bond, which is a covalent bond, 
is formed between the thiol groups of two cysteine residues in the ER, catalyzed by an 
enzyme named protein disulfide isomerase (PDI). As the formation of the disulfide bonds 
between correct cysteine residues is essential for the proper folding of the secreted 
proteins, the PDI also has isomerase activity that can rearrange the incorrect disulfide 
bonds. 
 Another important aspect of the protein maturation that occurs in ER is 
glycosylation. Glycosylation can be N-linked, where glycans are attached to the amide 
nitrogen of an asparagine residue, or O-linked, where glycans are attached to the 
hydroxyl group of threonine, serine or hydroxylproline. N-glycosylation starts in the ER, 
where glycans are transferred on to the Asn, usually occurring in an Asn-X-Ser or Asn-X-
Thr motif, by the enzyme oligosaccharide protein transferase.  Further modifications of 
the glycans can occur in Golgi bodies. Proper glycosylation is considered essential for 
proper folding and functioning of the protein. 
 Properly folded proteins that lack an ER retention signal (HDEL or KDEL) are 
transported to the Golgi bodies via COPII vesicles (antrograde transport). The ERD2 
receptors present on the membranes of cis-Golgi compartment make sure that the escaped 
ER resident proteins are returned to the ER via COPI vesicles (retrograde transport). 
Retrograde transport is also responsible for transport of the intrinsic members of the ER 
membrane that reach Golgi via COPII vesicles. 
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 The Golgi apparatus is a fluid organelle consisting of cis, medial and trans 
compartments. In general the Golgi can be described as a “carbohydrate factory” due its 
role in generation of complex polysaccharides as well as in N- and O- glycosylation of 
proteins. The Golgi also serves as a major branch point for the transport of proteins to 
lytic vacuoles, protein storage vacuoles (in plants) or the plasma membrane. Proteins are 
sent to different destinations via different vesicles, which are clathrin coated vesicles 
(lytic vacuoles), dense vesicles (protein storage vacuoles) and secretory vesicles (plasma 
membrane). The proteins that are targeted to the vacuoles have “vacuolar sorting signals” 
that are present as either short peptides at the C- or N- terminus or as loops embedded in 
the proteins themselves. The C- and N- terminal localized signals are cleaved during 
maturation, while internal signals remain intact. The proteins that do not have any sorting 
signals follow the default pathway to the cell surface for secretion. 
 As stated earlier, many proteins traveling through the secretory pathway undergo 
limited and specific proteolysis. Limited endoproteolysis of inactive precursor at sites 
marked by dibasic amino acids (Lys-Arg or Arg-Arg) was first shown to be responsible 
for the conversion of the inactive precursor of insulin (pro-insulin) to the active form. 
(Rockwell et al 2004). The endopeptidases involved in the conversion of inactive form of 
the protein to the active form of protein are termed pro-protein convertases (PCs). The 
first PC to be identified and studied extensively was Kex2 from Saccharomyces 
cerevisiae, which is responsible for the maturation of α type mating factor (As reviewed 
by Kjeldsen 2000). This discovery was followed by the identification of various other 
endopeptidases (PC1/3, PC2, PC4, PC5, PC6A, PC6b, and PC7) that cleave proteins at 
dibasic sites in the secretory pathway in various tissues in organisms including yeast and 
mammals. PCs that are also called furins in mammals are part of the huge superfamily of 
serine proteases called subtilases, the majority of which are shown to be present in Golgi 
bodies, TGN or secretory vesicles (Gensberg et al 1998). The proteins that undergo such 
proteolytic cleavage include most peptide hormones, growth factors, receptors, and 
plasma membrane proteases.  
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Sustained research efforts have indicated the presence of variety of proteases in 
the green world as well, even though concrete data about their target specificity and their 
sub-cellular localization is still lacking. Genomic studies in Arabidopsis thaliana indicate 
the presence of more than 800 protease genes. Various genetic studies, such as gene 
knock down, RNAi and over expression, the majority of which were carried out in 
Arabidopsis, have helped reveal biological functions of at least 40 proteases (van der 
Hoorn, 2008). These proteases are expressed in specific tissues at or during specific 
developmental periods indicating their involvement in particular cellular events. 
 Many of these proteases, such as BRS1, SDD1, CDR1, Ara12 and ALE1, are 
predicted to be localized in the apoplast. SDD1, which is a subtilisin like protease, is 
required for guard cell development, while ALE1 (Abnormal leaf shape 1) is responsible 
for cuticle development. Proteolytic activity of both these proteases is yet to be 
determined, even though SDD1 is said to be KEX2 like protease (Von et al., 2002), which 
in yeast targets dibasic sites. Another example of a subtilisin-like apoplast-localized 
protease, Ara12, has been demonstrated by Hamilton and group in Arabidopsis, but the 
target of this protease is not yet known (Hamilton et al, 2003). CDR1, which acts in 
disease resistance signaling, is predicted to be secreted even though a fusion protein 
experiment involving GFP has also indicated its presence in endoplasmic reticulum (Xia 
et al., 2004). A similar strategy using GFP has also been used to confirm the endoplasmic 
reticulum localized protease PCS1 (van der Hoorn, 2008). PCS1 has been shown to be 
expressed in developing gametophytes and seeds, and is predicted to be involved in 
preventing cell death even though its target specificity is yet to be determined (van der 
Hoorn, 2008). Some proteases are confirmed to be localized in vacuoles and vesicles, 
such as VPEs (endopeptidases that cleave after Asn residue) that are involved primarily in 
programmed cell death and pathogen defense related pathways (Kuroyanagi et al., 2005, 
Nakaune et al., 2005), and carboxypeptidase like proteases, SNG1/2.  
Various research groups have discovered proteases in other plant species as well. 
In tomato, a defense related peptide systamin is processed from its larger precursor on the 
plasma membrane, possibly due to the action of a protease similar to Kex2 (Schaller et al 
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1996). A protease aleurain from broccoli has been shown to play a role in floret 
senescence (Eason et al. 2005). 
On the other side of the spectrum, researchers have discovered some unique 
proteolytic processes with predicted involvement of as yet unknown endoproteases. The 
successful cleavage and secretion of an antifungal protein by tobacco suggests the 
presence of Kex2 like endoprotease in the endomembrane system, because previous 
analysis of this protein indicated a requirement for a Kex2 like protease for its processing 
(Jiang L., et al 1999).  
Ravi Tailor and group discovered a unique proteolytic processing that takes place 
in the seeds of Impatiens balsamina that results in the production and secretion of four 
basic, anti microbial peptides from a single precursor protein. The linker peptides 
separating these anti-microbial peptides are cleaved by unknown protease/s. (Tailor, et al, 
1998). One of the linker peptides was successfully used in co-expression of two unrelated 
proteins in Arabidopsis, indicating this proteolytic processing along with the involved 
endoprotease/s is likely to be conserved.  
One more example of a proteolytic processing with the involvement of yet 
unknown protease/s is demonstrated by Ramalhi-Santos and group (Ramlho-Santos et al., 
1998), followed by Castanheira and group (Castanheira P., et al., 2005). Cardosin A, an 
aspartic protease (isolated from flowers of the plant Cardoon, Cynara cardunculus L.) is 
a two chain peptide most likely to be stabilized by disulfide bonds. The precursor of 
cardosin A, procardosin A has a Plant Specific Insert (PSI) that separates these two chains. 
During the maturation of the protein, PSI is cleaved and the mature dipeptide of cardosin 
A is accumulated in protein storage bodies. The exact mechanism for removal of PSI is 
still debated and the action of endoprotease/s and carboxypeptidases and/or 
aminopeptidases cannot be ruled out.  
In eukaryotic systems post translational processing and specific proteolysis both 
play major roles in generation of the active form of mature proteins from their precursors. 
Even though researchers have demonstrated the presence of various proteases and 
proteolytic activities that require involvement of proteases, sustained research efforts are 
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required to elucidate unanswered questions such as their importance, location and target 
specificity.  
 
Post-translational Modifications Undergone by CAH1 
 As stated earlier CAH1, which is encoded by a nuclear gene, undergoes extensive 
post-translational processing. CAH1 has a 20 amino acid signal peptide that targets the 
pre-protein to the ER. During post-translational processing, the signal peptide and a 35 
amino acid peptide stretch referred to as the “spacer” are proteolytically cleaved to give 
rise to one large and one small subunit. Oligomerization results in the formation of a 
hetero-tetramer comprised of two large subunits and two small subunits held together by 
disulfide bridges (Kamo et al 1990) (Figure 1). There are three asparagine-linked 
glycosylation sites, Asn -X- Thr/Ser in the large subunit, which are all glycosylated 
(Ishida et al. 1993).  Successful expression of active CAH1 in tobacco (Roberts et al. 
1995) and maize (Wagner et al., unpublished) suggests conserved mechanism for post 
translational modification of CAH1 in higher plants.  
 There are various aspects of this unique post translational processing that are yet 
to be fully understood. For example, it is still not known whether there is a specific amino 
acid sequence that is recognized and cleaved by an endopeptidase in the secretory 
pathway or whether disulfide bond formation is essential for the cleavage of the spacer 
from the large and the small subunits. It is the overall goal of our group to elucidate the 
mechanisms involved in the post translational processing of the CAH1 protein. The 
following chapters discuss the various strategies that we developed in order to elucidate 
the post-translational modifications, especially the proteolytic processing of the small 
subunit from the CAH1 pre-protein, and the results obtained, in detail.  
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PART 1.  DECIPHERING PROTEOLYTIC PROCESSING OF CARBONIC 
ANHYDRASE 1 
 
Abstract 
 
A Chlamydomonas reinhardtii nuclear gene Cah1 is responsible for the 
expression of the secreted protein, periplasmic Carbonic Anhydrase 1 (pCA1), which 
undergoes unique post-translational processing. The pre-protein that has endomembrane 
targeting sequence at N terminus, and one large and small subunit separated by a small 35 
amino acid stretch called as spacer, undergoes proteolytic processing that cleaves off 
targeting sequence and spacer, giving rise to a mature, glycosylated pCA1 protein. This 
hetero-tetramer consists of two large subunits and two small subunits attached to each 
other by disulfide bridges. In our research we designed various experiments to analyze 
the intrinsic factors responsible for the cleavage of the spacer from the pre-protein. We 
expressed series of constructs in Arabidopsis thaliana with modifications in amino acid 
sequence inside the spacer region as well as at and around the junction sites of the large 
and the small subunit with the spacer. These constructs were designed to pinpoint the 
proteolytic site/sites in or around the spacer region that controls/control the proteolytic 
cleavage of the spacer. Failure to locate any amino acid sequence/s inside or around the 
spacer region that controls proteolysis and the demonstration of the successful proteolysis 
of the construct with the spacer with reverse order of amino acid residues and the spacer 
with radically different amino acid sequence, suggest that the proteolysis of the pre-
protein is largely independent of the sequence of amino acid residues separating large and 
small subunits. 
 
Introduction 
 
Site specific limited proteolysis is a selective mechanism that acts in concert with 
other post-translational modifications in many cellular processes such as embryogenesis 
(Zhu et al 2002), programmed cell death (Thornberry et al 1998) and intracellular protein 
targeting (Martoglio et al 1998). Typically, genes first are transcribed in the nucleus to 
generate mRNA which in turn is translated in the cytosol to form pre-protein. The 
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endomembrane targeting signal peptide, which is usually present at the N-terminus of the 
pre-protein, is identified by the signal recognition particle (SRP), targeting the nascent 
polypeptide to the endomembrane, where signal peptidase cleaves the signal peptide as 
the polypeptide chain gains entry into the endoplasmic reticulum. During the journey 
through the secretory pathway which includes the endoplasmic reticulum, Golgi bodies 
and secretory vesicles, the secretory protein undergoes a series of prost-translational 
modifications required for generating correctly folded, functional protein. In the current 
research we are studying post-translational modification, especially the proteolysis, of a 
secreted protein periplasmic carbonic anhydrase 1(CAH1) from a green, unicellular, 
eukaryotic algae, Chlamydomonas reinhardtii. 
Carbonic anhydrase is a universal enzyme that catalyzes reversible hydration of 
CO2 (CO2 + H2O  H2CO3- + H+). Limiting CO2 concentration results in an 
acclimation response to limiting CO2 stress in Chlamydomonas known as the CO2-
concentrating mechanism, CCM, an important component of which is induction of a 
nuclear gene CAH1 producing the CAH1 protein (Fukuzawa et al. 1990, Fujiwara et al. 
1990). The primary product of CAH1 is a41.6 kDa pre-protein, which undergoes intense 
post-translational modification to give rise to a glycosylated heterotetramer assembled 
with disulphide bridges and ultimately is secreted ( Fukuzava et al 1990). CAH1 has 20 
amino acid signal peptide that targets the pre-protein to the endoplasmic reticulum and 
presumably is removed during insertion of the pre-protein into the endoplasmic reticulum. 
During the further post-translational processing a 35 amino acid peptide stretch referred 
to as the “spacer” is proteolytically removed to yield one large and one small subunit. 
Oligomerization results in the formation of a hetero-tetramer comprised of two large 
subunits and two small subunits held together by disulfide bridges (Kamo et al 1990). 
There are three asparagine-linked glycosylation sites, Asn -X- Thr/Ser, in the large 
subunit, which are all glycosylated (Ishida et al 1993).  Various aspects of this unique 
post translational processing are yet to be fully understood. For example, it is still not 
known whether any specific amino acid sequence is required for recognition and cleavage 
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of the pre-protein by an endopeptidase in the secretory pathway or in which compartment 
of the cell this cleavage occurs.  
 In most know cases of limited and specific proteolysis, proteases recognize 
specific amino acid sequences in polypeptide. For example kex2p protease, which is 
responsible for maturation of the α-mating factor in yeast, recognizes and cuts at the C-
terminus of a dibasic site, usually -RR- or -KR- (Kjeldsen 2000). Similarly, the subtilases 
in mammals (furins) also rely on the occurrence of dibasic sites in their target 
polypeptides. (Rockwell et al 2004). Site specific proteolysis has been reported in plants 
as well. Study of a virally encoded antifungal toxin in transgenic tobacco suggests the 
existence of KEX2 like protease in the secretory pathway (Kinal et al, 1995). Also, 
research of antimicrobial peptides derived from Impatiens balsamina seeds predicts but 
does not demonstrate the involvement of an endoprotease targeting a diacidic (-EE-/-ED-) 
amino acid motif as well as the involvement of aminopeptidases and carboxypeptidases 
in the processing of a single pre-protein to multiple functional peptides (Tailor et al, 
1997). Further research involving chimeric polyproteins connected by a “linker peptide” 
originating from the same pre-protein from I. balsamnia, demonstrated the existence of 
proteases required for processing of the I. balsamnia polyproteins in the secretory path 
way of arabidopsis. (Francois et al, 2002). Successful expression of processed CAH1 in 
tobacco and maize also indicates the presence of protease activity in secretory pathway of 
plants (Roberts et al, 1995).  
 In this research we developed various strategies and constructs to explore the post 
translational processing of CAH1 in A. thaliana. We hypothesized that proteolysis of the 
CAH1 pre-protein is controlled by specific conserved motif/s targeted by specific 
proteases. Our goal in the described research was to identify these specific motif/s 
targeted by proteases within the spacer peptide by designing CAH1 constructs with 
disrupted potential target sites that could be tested for altered proteolytic processing. 
Details of the strategies and the results obtained are discussed. 
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Materials and Methods 
Construct development  
 All the constructs with the modifications in the coding sequence of CAH1 were 
first developed in the pBSSK4 vector, which includes an ampicillin selection marker, 
using standard PCR and ligation procedures (Molecular Cloning: Laboratory 
manual/Second edition). The strategies followed for development of the individual 
constructs are explained below. 
 
Strategy for the development of construct SDMIRS1  
 A DNA fragment containing the ER targeting sequence and the large subunit of 
CAH1 was PCR amplified with a BamH1 restriction site at the 3’ end from SDM11-2 
using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) and the reverse 
primer LSLPHP (5’ TTTGTTAACGGCGTCCGCGGCGGT 3’). The amplified product 
was digested with the restriction enzymes, BamH1 and Hpa1. The forward primer 
SPUP2H (5’ GTTAACGGCCACCACCACCAC 3’) and the reverse primer SPLP25 (5’ 
ACTAGTCAGCATCACGCGGCG 3’) were used to amplify the CAH1 spacer segment, 
which was digested with the restriction enzymes, Hpa1 and Spe1. The CAH1 small 
subunit was amplified using primers SUUP2 (5’ ACTAGTGCCGAGTCCGCGAAC 3’) 
and T3-2(5’ GCTATGACCATGATTACGCC 3’), and was digested with the restriction 
enzymes, Spe1 and Xba1. The pBSSK4 vector was digested with the restriction enzymes, 
Bamh1 and Xba1, and the four DNA fragments, containing, respectively, the large 
subunit plus ER targeting sequence, the spacer sequence, the small subunit sequence, and 
the pBSSK4 vector, were ligated to obtain the final SDMIRS1 construct.   
 
Strategy for the development of construct SDMRS  
The following nucleotide sequences were obtained from Integrated DNA 
Technologies, Inc.  
ASAAS2 :-  
5’GTTAACCTGATGGTGCGCCGCTTCTACCACAAGCCCGAGTCCAC
 13
CGCCGCCCCTGTGGAGGAGCTGCACGCGCACAACCACCTGCTGCG
CCGCCACCACCACCACGGCACTAGT 3’ 
ASAAS3:-  
 5’ACTAGTGCCGTGGTGGTGGTGGCGGCGCAGCAGGTGGTTGTGCG
CGTGCAGCTCCTCCACGGAGGCGGCGGTGGACTCGGGCTTGTGGT
AGAAGCGGCGCACCATCAGGTTAAC 3’ 
 These single-stranded nucleotides were mixed together in equal proportion to 
form a duplex oligonucleotide which was later digested with the restriction enzymes, 
Hpa1 and Spe1 to obtain the modified spacer segment with reverse order of the amino 
acids. Cah1RS was digested with Hpa1 and Spe1 to which the modified spacer segment 
was ligated to form the final product, SDMRS   
  
Strategy for the development of the construct SDMMS  
This construct has a modified spacer region with distinctly different amino acid 
sequence when compared to the positive control, SDM 11-2. (Figure 1) During the 
process of generation of another construct, due to a PCR anomaly, the translation frame 
of the spacer region was shifted. Thirteen additional base pairs were added at the 5’ end 
of the spacer while eight base pairs were added at the 3’ end of the spacer effectively 
generating a spacer region with a distinctly different amino acid sequence.(Figure 1). The 
nucleotide encoding this peptide had Sst1 restriction site at the 5’ end and a Spe1 
restriction site at 3’ end. The large subunit along with ER targeting sequence was 
amplified using primers T7-2 (5’GACTCACTATAGGGCGAAT 3’) and LS5Sst1 
(5’AAAAGAGCTCGGCGTCCGCGGC3’) and the resultant PCR product was digested 
with BamH1 and Sst1 restriction enzymes. SDMIRS1 was digested with BamH1 and 
Spe1 restriction enzymes to generate a digested bluescript vector with attached CAH1 
small subunit sequence. The digested large subunit sequence, along with the ER targeting 
sequence and the modified spacer sequence were ligated with the digested pBSSK4 
vector described above to generate the final construct SDMMS.  
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Strategy for the development of constructs Sh2CA, Sh3CA, Sh4CA and 
Sh5CA  
Cah1RS was digested with Hpa1 and Spe1 restriction enzymes to obtain a 
digested vector that contained the ER targeting sequence, the CAH1 large subunit 
sequence and the CAH1 small subunit sequence but no spacer coding sequence. The 
following oligonucleotides were obtained from the ISU DNA synthesis facility. 
 
Primers for Sh2CA :-  
Sh2CA5:- 5’ AACGGCCACCACCACCACCACCGCCGCA  3’  
Sh2CA3:- 5’ CTAGTGCGGCGGTGGTGGTGGTGGTGGCCGTT 3’ 
 
Primers for Sh3CA:-   
Sh3CA5:- 5’ AAC TACTTCCGCCGCGTGATGCTGA 3’ 
   Sh3CA5:- 5’ CTAGTCAGCATCACGCGGCGGAAGTAGTT 3’ 
 
Primers for Sh4CA:-  
     Sh4CA5:- 5’ AACGAGGAGGTGCCTGCCGCCA 3’ 
                                         Sh4CA3:- 5’ CTAGTGGCGGCAGGCACCTCCTCGTT 3’ 
 
Primers for Sh5CA:-  
     Sh5CA5:- 5’ AACCTGCTGCACAACCACGC 3’ 
                                         Sh5CA5:- 5’ CTAGTCGCGTGGTTGTGCAGCAGGTT 3’ 
 
For individual constructs, the two corresponding primers were mixed in equal 
proportions. The resultant double stranded oligonucleotide had a digested Hpa1 
restriction site on 5’ end and a digested Spe1 site on the 3’ end. These double stranded 
oligonucleotides were ligated with the Hpa1-Spe1 digested SDMI1RS construct to form 
the final product with a truncated spacer coding region, either Sh2CA, Sh3CA, Sh4CA, 
Sh5CA. 
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Strategy for the development of constructs SDMHYS and Sh6CA  
A DNA fragment containing the ER targeting sequence and the large subunit of 
CAH1 was PCR amplified with a BamH1 restriction site at the 3’ end from SDM11-2 
using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) and the reverse 
primer (specific sequence for each, individual construct given below). This amplified 
sequence was digested with the restriction enzymes, Nco1 and BamH1 to generate an 
oligonucleotide coding for large subunit only. The second sequence, containing a 
truncated portion of the spacer and the CAH1 small subunit was amplified using the 
forward primer (sequence given below) and the reverse primer T3-2 (5’ 
GCTATGACCATGATTACGCC 3’) with a BamH1 restriction site on the 5’ end. This 
amplified sequence was digested with the restriction enzymes, Bamh1 and Xba1. The 
SDM11-2 was digested with Nco1 and Xba1 to generate a digested vector containing the 
ER targeting sequence only. All three pieces were ligated together to produce the final 
product, a modified CAH1 with the restriction site BamH1 inserted between the truncated 
spacer and the large subunit coding segment.  
 The nucleotide sequences of the primers to develop above constructs are provided 
below. 
SDMHYS: -  
 LSBamH1:- ( 5’ TTGGATCCGGCGTCCGCGGT 3’) 
 SPBamH1:- ( 5’ TTGGATCCCGCCGCCTGCTGCAC 3’) 
Sh6CA:-   
Sh6CA5:- 5’ AAGGATCCCAGGTGCGCGTGGTT 3’ 
Sh3SS   :- 5’ AAGGATCCGCCGAGTCCGCGAAC 3’ 
 
Strategy for the development of construct Sh1CA  
A DNA fragment containing the ER targeting sequence, the large subunit of 
CAH1 and a truncated portion of the CAH1 spacer was PCR amplified with a BamH1 
restriction site at the 3’ end from SDM11-2 using the forward primer T7-2 (5’ 
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CGACTCACTATAGGGCGAAT  3’) and the reverse primer SH12LS (5’ 
AAAGGATCCGGCGTCCGCGGCGGT 3’). This amplified sequence was digested with 
Nco1 and BamH1 to generate a DNA fragment encoding only the large subunit and a 
truncated spacer. A second sequence containing the CAH1 small subunit was amplified 
using the forward primer Sh1SS (5’ AAAGGATCCGAGGAGGTGCCTGCC 3’) and the 
reverse primer T3-2 (5’ GCTATGACCATGATTACGCC 3’) with a BamH1 restriction 
site on the 5’ end. This piece was digested with BamH1 and Xba1. To generate pBSSK4 
vector containing ER targeting sequence, SDM11-2 was digested with Nco1 and Xba1, 
and the three pieces were ligated to produce the final product, Sh1CA. 
 
Strategy for the development of construct SDMDS  
A DNA fragment containing the ER targeting sequence, the large subunit of 
CAH1 and the CAH1 spacer was PCR amplified with a BamH1 restriction site at the 3’ 
end from SDM11-2 using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  
3’) and the reverse primer SPLOWBAMH1 (5’ TTGGATTCCAGCATCACGCGGCG 3’).  
This amplified sequence was digested with Nco1 and BamH1 to generate a DNA 
fragment encoding only the large subunit and the spacer. A second nucleotide sequence 
containing the spacer and small subunit was amplified using the forward primer 
SPUPBamH1 (5’ TTGGATCCGGCCACCACCACCAC 3’) and the reverse primer T3-2 
(5’ GCTATGACCATGATTACGCC 3’) with a BamH1 site on the 5’ end. This amplified 
sequence was digested with BamH1 and Xba1.To generate a pBSSK4 vector with ER 
targeting sequence, SDM11-2 was digested with Nco1 and Xba1, and the three pieces 
were ligated to generate the final product, Cah1DS, which included CAH1 containing two 
spacer coding segments. 
 
Insertion of the constructs into the binary vector, pCB302-3  
The binary vector, pCB302-3(Xiang et al., 1999), which contains a Kanamycin 
resistance cassette for selection of transformed E.coli and a Bar gene for selection of 
transgenic plants, was used in this research. This binary vector has a multi-cloning site 
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flanked by a 35S promoter for constitutive expression of the construct in the plants and a 
Nos terminator.  
After the successful transformation into E. coli strain Dh5α, each of the above 
described vectors was isolated and purified using commercially available QIAquick 
vector purification kit (Qiagen), and the coding sequence was confirmed by sequencing 
the entire construct using the forward T7-2 (5’ CGACTCACTATAGGGCGAAT 3’) and 
reverse (5’ GCTATGACCATGATTACGCC 3’) primers that lie outside of the coding 
sequence. Cah1RS, Cah1ART, Cah1MS, ShCA4 and ShCA5 constructs were excised 
from the purified pBSSK4 vector using BamH1 and Xba1 restriction enzymes. The 
resultant piece was ligated with the BamH1-Xba1 digested pCB302-3 vector.  
The constructs of ShCA1, ShCA2, ShCA3, ShCA6, Cah1-Hys and Cah1DS each 
contained two BamH1 restrictions sites in their coding sequence. Thus the following 
strategy was applied to insert a unique restriction site, Spe1, at their 5’ end in the 
pBSSK4 vector. Two small “linker” nucleotides, PL1 (5’ 
AGCTTACTGTCACTAGTGTAGCTC 3’) and PL2 (5’ 
TCGAGAGCTACACTAGTGACAGTA 3’), were synthesized in the ISU DNA synthesis 
facility and were mixed in equal proportions to obtain a double stranded oligonucleotide. 
The resultant double stranded oligonucleotide contained a digested Xho1 site on the 5’ 
end and a HindIII site on the 3’ end with an intact Spe1 restriction site in the middle. 
Each pBSSK4 vector containing the above constructs, was digested with the restriction 
enzymes, Xho1 and HindIII, and ligated with the double stranded oligonucleotide. All of 
the resultant pBSSK4 vectors had a Spe1 restriction site at the 5’ end and Xba1 at 3’ end 
of the coding sequence. Each vector was then cut with Spe1 and Xba1 and the resultant 
piece was ligated into the Spe1-Xba1 digested pCB302-3 vector. 
The successful ligation of the construct with the binary vector was confirmed by 
amplifying part of CAH1 with the forward primer P7 (5’ GAATTCGCCATGGCTTGCAT 
3’) and reverse primer P11 (5’ GAGCTCTAGACTTTAGTGAT 3’) using a standard 
colony PCR method, and the amplified product was sequenced in ISU sequencing facility 
using the primer P3 (5’ ACTCCACCTCGGAGCACCTG 3’). 
 18
After the sequence confirmation, the vector was transferred into the 
Agrobacterium, strain C53 containing gentamycin and rifampicin resistance genes as 
selection markers, by electroporation. The successfully transformed Agrobacterium cells 
were resistant to gentamycin, rifampicin and kanamycin (due to the pCB30-2 vector), and 
the transformation was confirmed by amplifying a part of the CAH1 construct with the 
forward primer, p7 (5’ GAATTCGCCATGGCTTGCAT 3’) and the reverse primer, P11 
(5’ GAGCTCTAGACTTTAGTGAT 3’).  
 
Transgenic plant development  
Arabidopsis thaliana, ecotype Columbia, was grown in continuous day conditions 
in the greenhouse at 22º C. The wild type plants were transformed by the standard 
Agrobacterium mediated flower dip method as described (Bechtold et al., 1993). After 
transformation, the plants were allowed to develop seeds for about 20 days, after which 
they were subjected to dehydration. The collected T0 seeds were sown on fresh soil, and 
the transgenic plants were selected by spraying herbicide (“Liberty” containing 
“phosphoinothricine”) on the seedlings. The presence of the construct in transgenic plant 
was confirmed by PCR amplification (primers P7: 5’ GAATTCGCCATGGCTTGCAT 3’ 
and P11: 5’ GAGCTCTAGACTTTAGTGAT 3’) and sequencing (primer P3: 5’ 
ACTCCACCTCGGAGCACCTG 3’) of CTAB extracted (Murray et al, 1980) genomic 
DNA, The PCR product was purified using QIAquick PCR purification kit by Qiagen.  
 
Confirmation of protein expression and enzyme assay 
CAH1 protein expression by individual transgenic plants was confirmed using a 
standard western blot protocol. The concentration of total protein extracted by grinding in 
protein extraction buffer (50mM Tris-HCl 7.5, 50mM KCl, 4mM EDTA, PMSF 1 ug/ml) 
was determined using the Bradford assay (Guide to Protein Purification), and a standard 
amount of protein was subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
on 12.5% polyacrylamide gels (Guide to Protein Purification). Following SDS-PAGE, the 
proteins were electrophoretically transferred to PVDF membranes using semidry transfer 
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(BioRad), and the membranes were probed with rabbit anti-CAH1 polyclonal primary 
antibody and goat anti-rabbit IgG secondary antibody conjugated with horseradish 
peroxidase, allowing the cross-reactive bands to be visualized by chemiluminescence 
(Yakunin et al., 1998).  
 Carbonic anhydrase activity assays were performed as described previously by 
Roberts et al, 1995.  
 
Protein purification and N-terminal sequence analysis  
 CAH1 was purified from Arabidopsis plants by affinity chromatography 
technique on p-aminomethylbezenesulfonamide-agarose as previously described (Roberts 
et al, 1995). The CAH1 content of collected fractions was determined by western blot 
analysis as described above.  
Column purified CAH1 protein was separated by denaturing SDS-PAGE, 
transferred to immobilon transfer membrane (0.2 um pore size, Millipore), and stained 
with Coomassie Brilliant Blue R-250. The stained band corresponding to the predicted 
molecular weight of the small subunit was subjected to N-terminal sequencing on a 
Procise protein sequencer (model 494, Applied biosystems, California) by the ISU 
Protein Facility.  
 
Results 
Using A. thaliana as a model system for study of the proteolytic processing of 
CAH1 offers various advantages. Arabidopsis is easy to grow and maintain. The 
protocols for generation of transgenic plants are well established but most importantly, 
one can easily maintain the transgenic lines in the form of seeds over a long period of 
time. In order to confirm that A. thaliana can be used successfully to study the proteolytic 
processing in detail, the SDM11-2 construct was developed. This construct contains an 
unmodified CAH1 cDNA. Since we failed to detect CAH1 protein expression when we 
used a C. reinhardtii specific endoplasmic reticulum targeting signal peptide (R. Wagner, 
unpublished), an A. thaliana endoplasmic reticulum signal peptide from the chitinase 
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gene was used in SDM11-2. Transgenic Arabidopsis plants containing the bar gene, 
which encodes phosphoinothricine acetyltransferase, were selected by resistance to the 
herbicide “Liberty”, which contained phosphoinothricine (Miki et al 2003).  
Successful protein expression from SDM11-2 was confirmed by western blot 
(Figure 2), and the apparent molecular weight of the large subunit was determined to be 
37.24 kDa, matching the size previously reported (Ishida et al., 1993). The small subunit 
was not detectable in western blots, possibly due to the inability of the primary antibody 
to interact with the small subunit. The presence of the small subunit was confirmed by 
SDS-PAGE of affinity purified CAH1. The size was observed to be approximately 5-8 
kDa, and the N-terminal sequence indicated that in majority of the cases the N-terminus 
sequence of the small subunit starts at LAESAN while in minority of the cases it starts at 
AESANP (Table 1). These results confirm that the small subunit is proteolytically 
cleaved from the pre-protein. N-terminal sequencing of the large subunit (Table 1) also 
confirmed that the signal peptide also was successfully removed from the large subunit as 
expected. We also observed far higher carbonic anhydrase enzyme activity in the 
transgenic plants than in non-transformed plants, confirming the expressed CAH1 protein 
was active.  
The SDMIRS1 construct was developed to investigate the importance of the 
junction sites between the large and small subunits and the spacer in proteolytic 
processing of CAH1, and also to develop a modular construct for additional facile 
manipulations in the spacer region. In this construct, the large and small subunits are 
separated from the spacer by introduced HPA1 and SPE1 restrictions sites, encoding 
valine plus asparagine and threonine plus serine, respectively, effectively disrupting both 
junction sites simultaneously. The size of the large subunit from transgenic plants 
matches that reported earlier and that of the SDM11-2 large subunit (Figure 3), and 
separation of the small subunit was confirmed by N-terminal sequence analysis of the 
affinity column purified CAH1 (Table 1).Thus the proteolytic processing of the CAH1 
pre-protein was not disrupted, and the carbonic anhydrase assay confirmed that the 
expressed protein was active (Figure 3).  
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 To investigate potential target site/s for the endoprotease involved in proteolytic 
processing of the spacer from the pre-protein, seven constructs, SDMHIS, Sh1CA, 
Sh2CA, Sh3CA, Sh4CA, Sh5CA and Sh6CA, were designed, each of which lacked a 
unique stretch of amino acids in the spacer (Figure 1).  Western blot analyses performed 
after SDS-PAGE of total soluble protein from the transgenic plants failed to detect any of 
the expressed protein with altered size relative to the control SDM11-2 large subunit, 
indicating that the proteolytic processing was not inhibited in any of these constructs 
(Figure 4). 
 To investigate the role played by the orientation of the spacer and to further 
explore effect of amino acid sequence with out disturbing the physical character, a 
construct was developed in which the spacer amino acid sequence was reversed (Figure 
1), which also disrupted the junction sites between the large and small subunits and the 
spacer. Western blot analysis of the expressed protein in transgenic plants failed to detect 
any size difference between the SDM11-2 large subunit and the expressed CAH1 from 
the reverse spacer construct (Figure 6), and N-terminal sequence analysis of the small 
subunit from affinity purified CAH1 confirmed the successful proteolytic separation of 
the small subunit from pre-protein and formation of an apparently normal mature protein 
(Table 1). Together these observations suggest the lack of an essential role played by the 
orientation of the spacer in the proteolytic processing of the CAH1 pre-protein.  
 Earlier results indicated that none of the potential target sites within the spacer, 
the junction sites between the spacer and large and small subunit, and the orientation of 
the spacer solely controlled the proteolytic processing of the CAH1 pre-protein. Although 
none of the above factors are solely controlling the proteolysis, the combination of the 
above factors controlling the proteolysis could not be ruled out. CAH1 with a miss-sense 
spacer having little amino acid sequence similarity with the original spacer (Figure 1) 
was developed to eliminate all the above factors at once. Western blot analysis of CAH1 
(Figure 6) and N-terminal sequence analysis of the small subunit from affinity purified 
CAH1 (Table 1), both from transgenic plants expressing the miss-sense construct 
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indicated successful proteolytic processing of the pre-protein and formation of an 
apparently normal mature CAH1 protein. 
 
Discussion 
Site specific, limited proteolysis is an important step that can convert an inactive 
pre-protein into a functional, correctly folded mature protein. Various proteins traveling 
through the endomembrane system undergo limited, site specific proteolysis, which has 
been well studied in yeast (Kjeldsen 2000) and mammalian cells (Rockwell et al 2004). 
There is evidence for endoprotease action within the secretory pathway in plants such in 
tobacco (Liwen J. et al 1999), although in some cases it is still somewhat sketchy (Taylor 
et al 1997, Francois et al 2002). In this research we investigated proteolytic processing of 
a secreted protein, periplasmic carbonic anhydrase 1 (CAH1) from a unicellular green 
alga, C. reinhardtii. The CAH1 pre-protein is targeted to the endomembrane system by 
the ER targeting signal peptide where it undergoes extensive post-translational 
modifications (Fukuzava et al, 1990). In the secretory pathway, a 35 amino acid stretch 
internal to the polypeptide, termed the spacer, is proteolytically removed generating 
separate large and small subunits from the regions flanking the spacer. Disulfide bond 
formation between two large and two small subunits generates an active heterotetramer, 
which also is glycosylated, secreted from the cell and retained in the periplasmic space of 
Chlamydomonas or the apoplastic space of tobacco (Kamo et al, 1990, Roberts et al, 
1995).  
Various questions related to this unique post translational processing are still 
unanswered, including what proteases are required or involved, the sequence of post 
translational events, etc. We hypothesized the involvement of endoprotease/s targeting 
specific amino acid sequences in or around the spacer and proposed to identify them, 
which would not only help explaining post translational modification of CAH1 but also 
offer additional evidence of active proteases, such as Kex2 like proteases, within the 
secretory pathway in plants. For obvious reasons, such as short life cycle, meager 
nutritional demands, sequenced genome and easy, well established protocols for genetic 
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manipulation led us to choose A. thaliana as a model system for testing this hypothesis. C. 
reinhardtii itself is a less desirable model system due to the lack of a proven protocol to 
store genetically modified Chlamydomonas stock over a long period of time and, more 
importantly, the likely cross reactivity of anti-CAH1 antibodies with CAH2, a protein 
with over 90% sequence similarity to CAH1, that could confound the results.  
To confirm Arabidopsis can be used as a model system, we expressed CAH1 
(SDM11-2), in which the native ER signal peptide was replaced by one from A. thaliana, 
ubiquitously, under control of the 35S promoter. Western blot analysis, N-terminal 
sequence analysis of both the large and small subunits and enzyme assays clearly 
indicated that CAH1 was expressed and processed properly, although the proteolytic 
cleavage between the spacer and the small subunit was not precisely conserved. We were 
unable to precisely determine the C-terminus of the large subunit, but the terminal most 
peptide we could identify following HPLC separation of tryptic peptides was about 15 
amino acids upstream of the expected C-terminus. Our inability to locate the C-terminal 
most peptide was most likely due to the presence of a glycosylated asparagine residue 
within that peptide. Even though we could not pinpoint the C-terminus of the large 
subunit, we also did not detect any peptides from the spacer associated with the large 
subunit, suggesting successful removal of the spacer from the large subunit. Thus overall 
our results indicate that Arabidopsis can express an active and processed form of CAH1 
and can be used as a system in which to conduct our further experiments.  
The first set of the constructs that we designed was to determine the importance of 
the junction sites between both subunits and the spacer (Fukuzawa et el, 1990) in the 
proteolytic removal of the spacer. Several constructs with deletions, additions or 
replacements of amino acids at the junction sites were used to determine whether such 
disruptions affected the processing of the CAH1 pre-protein, and all the constructs 
exhibited successful expression of CAH1 large subunits with no altered molecular weight. 
(Figure 7, R. Wagner et al., data not shown). In one example, SDMIRS1, the small 
subunit N-terminal sequence was determined to be almost identical to that of the positive 
control, confirming the proteolytic separation of the small subunit from the pre-protein 
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(Table 1). Also in other, more drastically modified constructs, including the reversed 
spacer (SDMRS) and miss-sense spacer (SDMMS), the junction sites between the mature 
subunits and the spacer were significantly modified without any apparent effect on the 
proteolytic processing to remove the spacer. Thus we conclude that the junction sites 
between the large and small subunits and the spacer were not solely controlling the 
proteolysis.  
The lack of a specific target sequence at the junctions of the mature subunits and 
the spacer, together with the observed variations in the N-terminus of the small subunit 
suggests that processing may proceed by endoproteolytic cleavage within the spacer 
followed by trimming with carboxypeptidases and aminopeptidases. So a set of 4 
constructs was prepared that disrupted putative proteolytic cleavage sites within the 
spacer region (Figure 7), including 2 dibasic sites (-RR-) shown to be a target site for 
KEX2 protease in Saccharomyces serevisiae (Kjeldsen 2000) and asparagine as a target 
site for the endoprotease vacuolar processing enzyme (VPE) (Yamada et al 1999). 
Successful protein expression of the correct size was observed in all these constructs (R. 
Wagner et al, data not shown) indicating proteolytic processing of the CAH1 pre-protein 
was not solely controlled by any of these putative sites. Since targeted elimination of 
putative proteolysis sites did not demonstrate involvement of any specific endoprotease, 
six constructs were developed with truncated spacer peptides to identify potential 
endoprotease target sites in a deletion analysis (Figure 1). Again, the apparent molecular 
weight of the CAH1 large subunit was unchanged, indicating the pre-protein was 
processed in all the constructs and suggesting that no single endoproteolytic site was 
responsible for cleavage of the spacer, as well as indicating that the physical distance 
between the junctions sites is not critical. 
To further probe the nature of the CAH1 pre-protein processing, constructs with 
large scale changes in the spacer were developed, including a double spacer, SDMDS 
(Figure 1), a reversed spacer, SDMRS, and a miss-sense spacer, SDMMS. The SDMDS 
construct was processed normally, indicating that doubling the physical distance between 
the junction sites does not have any detrimental effect on plant’s ability to process the 
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CAH1 pre-protein (Figure 5). The apparent normal processing of construct SDMRS, 
which not only disrupted the junction sites but also reversed the order and orientation of 
the spacer, indicates the orientation of the spacer does not affect processing of the pre-
protein and suggests the physical nature of the spacer may be more important than the 
amino acid sequence. 
The unique construct SDM MS, in which the spacer was generated by a 
frameshift at the beginning and end of the spacer, has little sequence similarity with the 
original spacer and disrupt the junction sites as well as most, if not all identified and 
unidentified potential endoprotease target sequences within the spacer.  The lack of any 
change in the size of the resulting CAH1 large subunit relative to the positive control 
SDM11-2, together with detection and N-terminal sequencing of the small subunit 
indicate that this spacer with a unique amino acid sequence also does not hinder 
proteolysis of the CAH1 pre-protein raising the question about any requirement of the 
spacer itself.  
To conclude, our results indicate that A. thaliana can successfully express and 
process the CAH1 pre-protein to form an active, mature protein. Our results also suggest 
existence of a potentially unique and unreported mechanism of proteolytic processing in 
the endomembrane system of plants. Our failure to identify any required sequences in the 
spacer or at the junction sites between the mature subunits and the spacer suggests the 
lack of any specific sequence targeted by an endoprotease. Physical distance between the 
junction sites also does not appear to play any crucial role in the proteolysis of the pre-
protein as suggested by the constructs with truncated as well as extended spacer. N-
terminal sequence analysis of the small subunit routinely identified multiple, near-by 
amino termini, suggesting the involvement of opportunistic aminopeptidases in 
determining the mature N-terminus of the small subunit rather than action of sequence 
specific proteases. Even though neither the spacer sequence nor the junction site 
sequences appear to play any substantial specific role in proteolysis, we cannot rule out 
involvement of the amino acid sequences just outside of the spacer in the flanking regions 
of the large and small subunits. During post translational processing, disulfide bonds that 
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covalently join the large and small subunits are formed between the cystine residues 
about 10 amino acids away from the junction sites. More research efforts are required to 
determine whether any role is played by these flanking sequences in proteolysis.  
To conclude, the ability to process the CAH1 pre-protein seems to be conserved in 
plants, and our inability to detect any conserved target site for proteases suggests a 
potentially novel mechanism of proteolytic processing. More research efforts are required 
to understand this interesting mechanism completely. 
 
Tables and Figures 
 
Table1.  N-terminal sequences of the small subunit (SSU) and large subunit (LSU) 
peptides, including the major and minor termini, for various CAH1 constructs. 
 
 
Construct Name Major LSU Terminus Minor LSU Terminus 
SDM 11-2 (C)IYKFGT EFAMA(C)I 
Construct Name Major SSU Terminus Minor SSU Terminus 
SDM 11-2 LAESAN AESANP 
CAH1RS SANPDAY LTSAESAN 
CAH1ART NPDAYT AESANPD 
CAH1MIS SAESAN SANPDAYT 
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Figure 2: A) Western blot of 7 individual transgenic Arabidopsis plants expressing 
SDM11-2 and an untransformed control (NT). Each lane contains 30 µg total soluble 
protein. B) Carbonic anhydrase activity for transgenic plant 18 expressing SDM11-2 and 
two untransformed plants, NT-1 and NT-2. 100 µg total soluble protein was used for the 
activity assay.  
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Figure 3.  A) Western blot analysis of 10 individual transgenic Arabidopsis plants 
expressing SDMIRS1, along with an untransformed Arabidopsis control (NT) and CAH1 
expressed in E. coli as a positive control. Each lane contains 30 µg total soluble protein. 
B) Carbonic anhydrase activity for 5 individual transgenic plants expressing SDMIRS1 
and an untransformed control (NT). Due to the low amount of protein, the activity assay 
was not replicated. 
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Figure 4.  Western blot analysis of transgenic Arabidopsis plants expressing Sh1CA, 
Sh2CA, Sh3CA, Sh4CA, Sh5CA, Sh6CA and SDMHis, along with SDM11-2 as a 
positive control and untransformed Arabidopsis (NT) as a negative control. Each lane 
contains 30 µg total soluble protein. 
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Figure 5.  Western blot analysis of two pairs of individual transgenic Arabidopsis plants 
expressing SDMDS and SDMRS, along with SDM11-2 as a positive control and 
untransformed Arabidopsis (NT) as a negative control. Each lane contains 30 µg total 
soluble protein.  
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Figure 6.  Western blot analysis of transgenic Arabidopsis plants expressing SDMMS 
and SDMRS, along with SDM11-2 as a positive control and untransformed Arabidopsis 
(NT) as a negative control. Each lane contains 10 µg total soluble protein.  
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PART 2: DECIPHERING PROTEOLYTIC PROCESSING OF PERIPLASMIC 
CARBONIC ANHYDRASE 1 
 
Abstract 
A Chlamydomonas nuclear gene Cah1 is responsible for the expression of the 
secreted protein, periplasmic Carbonic Anhydrase 1 (pCA1), which undergoes unique 
post-translational processing. The preprotein that has endomembrane targeting sequence 
at N terminus, and one large and small subunit separated by a small 35 amino acid stretch 
called as spacer, undergoes proteolytic processing that cleaves off targeting sequence and 
spacer, giving rise to a mature, glycosylated pCA1 protein. This hetero-tetramer consists 
of two large subunits and two small subunits attached to each other by disulfide bridges. 
In our research we designed various experiments to analyze the intrinsic factors 
responsible for the cleavage of the spacer from the pre-protein. We expressed series of 
constructs in Arabidopsis thaliana with modifications in amino acid sequence inside the 
spacer region as well as at and around the junction sites of the large and the small subunit 
with the spacer. These constructs were designed to pinpoint the proteolytic site/sites in or 
around the spacer region that controls/control the proteolytic cleavage of the spacer. 
Failure to locate any amino acid sequence/s inside or around the spacer region that 
controls proteolysis and the demonstration of the successful proteolysis of the construct 
lacking the spacer altogether indicate that the proteolysis of the spacer may not be 
controlled by any specific amino acid sequence. Mixed population of processed and 
unprocessed molecules of CAH1 were observed when disulfide bond forming cystine 
residues of large and small subunit were separated by either 17 or 12 amino acid residues. 
The plant lost its ability to process CAH1 when number of amino acid residues between 
cystine residues were reduced to eight suggesting proteolysis may be dependent more on 
physical distance between disulfide bond forming cystine residues of large and small 
subunit than the actual sequence. It is also worthwhile to note that unprocessed 
CAH1molecules are active. The post-translational processing undergone by CAH1 may 
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utilize potentially conserved mechanism across the diverse kingdoms making it an 
interesting and important process to study. 
 
Introduction 
Site specific limited proteolysis is a selective mechanism that acts in concert with 
other post-translational modifications in many cellular processes such as embryogenesis 
(Zhu et al 2002), programmed cell death (Thornberry et al 1998) and intracellular protein 
targeting (Martoglio et al 1998). Typically, a gene first is transcribed in the nucleus to 
generate mRNA which in turn is translated in the cytosol to form a pre-protein. The 
endomembrane targeting signal peptide, which is usually present at the N-terminus of the 
pre-protein, is identified by the signal recognition particle(SRP) targeting the nascent 
polypeptide to the endomembrane where signal peptidase cleaves the signal peptide and 
the polypeptide chain gains entry into the endoplasmic reticulum. During the journey 
through the secretory pathway which includes the endoplasmic reticulum, Golgi bodies 
and secretory vesicles, the secretory protein undergoes a series of prost-translational 
modifications required for generating correctly folded, functional protein. In the current 
research we are studying post-translational modification, especially the proteolysis, of a 
secreted protein, periplasmic carbonic anhydrase 1(CAH1) from a green, unicellular, 
eukaryotic algae, Chlamydomonas reinhardtii. 
Carbonic anhydrase is a universal enzyme that catalyzes the reversible hydration 
of CO2 (CO2 + H2O  H2CO3- + H+). Exposure to limiting CO2 concentration results 
in a stress-induced acclimation response in Chlamydomonas known as the carbon dioxide 
concentrating mechanism, CCM, an important component of which is induction of a 
nuclear gene CAH1 producing the CAH1 protein (Fukuzawa et al. 1990, Fujiwara et al. 
1990). The primary translation product of CAH1 is a pre-protein calculated to be around 
42 kDa. This protein undergoes intense post translational modification to give rise to a 
glycosylated heterotetramer assembled with disulphide bridges, and which is secreted 
(Fukuzava et al 1990). CAH1 has 20 amino acid signal peptide that targets the pre-protein 
to the endoplasmic reticulum. During the post-translational processing, the signal peptide 
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and a 35 amino acid peptide stretch termed the “spacer” is proteolytically cleaved to give 
rise to one large and one small subunit. Oligomerization results in the formation of a 
hetero-tetramer comprised of two large subunits and two small subunits are held together 
by disulfide bridges (Kamo et al 1990). There are three canonical asparagine-linked 
glycosylation sites, Asn -X- Thr/Ser in the large subunit, which are all glycosylated 
(Ishida et al 1993). Various aspects of the unique post translational processing of CAH1 
are yet to be fully understood. For example, it is still unknown whether any specific 
amino acid sequence is recognized and cleaved by a specific endopeptidase in the 
secretory pathway or in which cellular compartment this processing takes place. 
In cases of limited and specific proteolysis, we normally expect proteases to 
recognize one or more specific amino acid sequences in the polypeptide. For example, 
kex2p protease, which is responsible for the maturation of the α-mating factor in yeast, 
recognizes and cuts at the C terminus of a dibasic site usually -RR- or -KR- (Kjeldsen 
2000). Similarly, the subtilases in mammals (furins) also rely on the occurrence of dibasic 
sites in their target polypeptides (Rockwell et al 2004). There also are evidences of site 
specific proteolysis in plants as well, including proteolysis of virally encoded antifungal 
toxin in transgenic tobacco, which suggests existence of a KEX2-like protease in the 
secretory pathway (Kinal et al, 1995). Proteolysis of antimicrobial peptides derived from 
Impatiens balsamina seeds is predicted to involve a protease targeting a diacidic (-EE-/-
ED-) motif, as well as aminopeptidases and carboxypeptidases to proteolytically process 
a single pre-protein to multiple functional peptides (Tailor et al, 1997). Further research 
involving chimeric polyproteins connected by “linker peptides” originating from the 
same pre-protein from I. balsamnia, demonstrated the existence of similar proteases in 
the secretory path way of arabidopsis. (Francois et al, 2002). Successful expression of 
processed CAH1 in tobacco, maize and Arabidopsis also indicates the presence of 
protease activity in secretory pathway in plants, as well as the expectation of a conserved 
amino acid sequence assumed to be required for the proteolytic processing.  
In order to identify the conserved motif targeted by proteases, as described in 
Chapter 2, we designed various constructs with specific modifications to the amino acid 
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sequence. In the first group (Group 1), we disrupted the junction sites between the spacer 
and the large and small subunits by deleting, adding or replacing amino acid residues. In 
the second group (Group 2), we specifically modified sequence motifs within the spacer 
representing potential proteolytic recognition sequences. These constructs were designed 
with disrupted dibasic(-RR-) and dicidic(–EE-) sites to test any role played by them in 
proteolysis of CAH1. In the third group (Group 3), we expressed CAH1 constructs 
containing a series of truncated spacer peptides with sequential deletions designed to 
reveal specific proteolytic recognition sequences within the spacer necessary for 
proteolysis. Interestingly, none of the constructs generated in Group 1, 2 or 3 disrupted 
proteolysis, suggesting that the specific peptide sequence separating the large and small 
subunits of CAH1 may not be critical. This conclusion was supported further by the 
results from two more constructs, SDM-RS and SDM-MIS, which were designed with a 
reverses spacer amino acid sequence was and a radically different, frame-shifted spacer 
amino acid sequence, respectively. Again, neither of these radically altered spacer 
sequences disrupted proteolytic processing of CAH1, confirming that the specific amino 
acid sequence of the spacer probably does not play a defining role in proteolysis and 
supporting our hypothesis that proteolysis of CAH1 is most likely an opportunistic 
process.  
Careful observation of the spacer region indicates unusually high proportion of 
charged, hydrophilic amino acid residues (Figure 1). We hypothesize that in the secretory 
pathway, the large and small subunits fold into their respective three dimensional 
structures leaving the hydrophilic spacer extended into the solvent, providing access to 
opportunistic endoproteases. After an initial endoproteolytic nick at some point along the 
spacer, amino- and carboxy-peptidases then remove the terminal residues until steric 
hindrance of the folded large and small subunits prevent further processing. In order to 
test this hypothesis, we developed a series of constructs with decreasing number of amino 
acid residues between disulfide bond forming cystine residues that join the large and 
small subunits. If our hypothesis is correct, we predict that access by endoproteases to the 
modified spacer peptides separating the large and small subunits will be hindered with 
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decreasing peptide size, eventually preventing proteolysis when the number of amino 
acids reaches a minimum.  
In the following sections we describe our findings that are discussed in detail. 
 
Materials and Methods 
 
Construct development  
 All the constructs with the modifications in the coding sequence of CAH1 were 
first developed in the vector pBSSK4+ (Invitrogen), which includes an ampicillin 
selection marker, using standard PCR and ligation procedures ( Molecular Cloning: 
Laboratory manual/Second edition). The strategies followed for development of the 
individual constructs are explained below. 
 
Strategy for the development of construct, ShSLS1 
 Construct SDM11-2 in pBSSK4 (Chapter 2) was used as a template for the 
following PCR reactions. The forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  
3’) and the reverse primer SLS1 (5’ AAAGGATCCCGTGGAGTTGCACTC  3') were 
used to generate a truncated portion of the large subunit and the ER targeting sequence 
with a BamH1 restriction site at the 3’ end. This amplified sequence was digested with 
Nco1 and BamH1 restriction enzymes to obtain only the truncated portion of the large 
subunit with an Nco1 site at the 5’ end and a BamH1 site at the 3’ end. In a separate PCR 
reaction, the forward primer SPUPBamH1 (5’ TTGGATCCGGCCACCACC ACCAC 3’) 
and the reverse primer T3-2 (5’ GCTATGACCATGATTACGCC 3’) were used to obtain 
the nucleotide sequence that contained the spacer and the small subunit with a BamH1 
site at the 5’ end. This amplified sequence was digested with BamH1 and Xba1 
restriction enzymes to yield a fragment containing the spacer and small subunit. The 
pBSSK4 vector containing SDM11-2 (Chapter 2) was digested with Nco1 and Xba1 
restriction enzymes to obtain vector containing only the ER targeting sequence. These 
three DNA fragments, containing respectively, a truncated large subunit sequence, the 
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spacer and small subunit sequence and the ER targeting sequence, were ligated to obtain 
the final ShSLS1 construct.   
 
Strategy for the development of construct, ShSLS2 
 A DNA fragment containing the ER targeting sequence and a truncated portion of 
the large subunit of CAH1 was PCR amplified with a BamH1 restriction site at the 3’ end 
from SDM11-2 using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) 
and the reverse primer SLS2 ( 5' AAAGGATCCGCACTCCTTCAGGCC  3'). This 
amplified sequence was digested with Nco1 and BamH1 restriction enzymes to obtain 
only the truncated portion of the large subunit with an Nco1 site at the 5’ end and a 
BamH1 site at the 3’ end. This fragment was ligated with two other DNA fragments 
containing the spacer and small subunit sequence and the vector containing the ER 
targeting sequence, as described for construction of ShSLS1 to obtain the final ShSLS2 
construct.   
    
Strategy for the development of construct, ShSS1 
 A fragment containing the ER targeting sequence, together with the large subunit 
and the spacer sequence of CAH1 was PCR amplified with a BamH1 restriction site at 
the 3’ end from SDM11-2 using the forward primer T7-2 (5’ 
CGACTCACTATAGGGCGAAT  3’) and the reverse primer SPLOWBAMH1(5’ 
TTGGATTCCAGCATCACGCGGCG 3’). This amplified sequence was digested with 
Nco1 and BamH1 restriction enzymes to obtain only the large subunit and the spacer with 
Nco1 at 5’ end and BamH1 at 3’ end. In the second PCR reaction, the forward primer 
SSS1 (5' TTT GGA TCC AAC CCC GAT GCC TAC 3') and the reverse primer T3-2 (5’ 
GCTATGACC ATGATTACGCC 3’) were used to obtain the nucleotide sequence that 
contained truncated portion of the small subunit with a BamH1 site at the 5’ end, which 
was digested with BamH1 and Xba1. The fragment containing the large subunit and 
spacer and that containing the truncated small subunit sequence were ligated together 
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with the vector containing the ER targeting sequence as described for ShSLS1 to obtain 
the final ShSS1 construct.   
   
Strategy for the development of construct, ShSS2(Sh13CA) 
 A DNA fragment containing the large subunit and spacer of CAH1 with Nco1 at 
5’ end and BamH1 at 3’ end was obtained from SDM11-2 as described above for 
construction of ShSS1. In the second PCR reaction, the forward primer 13CASS (5' TTT 
GGA TCC TGC AAG GCC GTT GCC  3') and the reverse primer T3-2 (5’ 
GCTATGACC ATGATTACGCC 3’) were used to obtain the nucleotide sequence that 
contained truncated portion of the small subunit with a BamH1 site at the 5’ end, which 
was digested with BamH1 and Xba1. The fragment containing the large subunit and 
spacer and that containing the truncated small subunit sequence were ligated together 
with the vector containing the ER targeting sequence as described for ShSLS1 to obtain 
the final ShSS2 construct.   
       
Strategy for the development of construct, Sh7CA  
 A DNA fragment containing the ER targeting sequence and a truncated portion of 
the large subunit of CAH1 was PCR amplified with a BamH1 restriction site at the 3’ end 
from SDM11-2 using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) 
and the reverse primer SLS2 (5' AAA GGA TCC GCA CTC CTT CAG GCC  3') This 
amplified sequence was digested with Nco1 and BamH1 to obtain only the truncated 
portion of the large subunit with an Nco1 restriction site at the 5’ end and a BamH1 
restriction site at the 3’ end. The forward primer 13CA5SS (5' TTT GGA TCC AAC CCC 
GAT GCC TAC  3') and the reverse primer T3-2 (5’ GCTATGACCATGA TTACGCC 3’) 
were used to obtain the nucleotide sequence that contained truncated portion of the small 
subunit with a BamH1 restriction site at the 5’ end, which was digested with BamH1 and 
Xba1. The fragment containing the truncated large subunit and that containing the 
truncated small subunit sequence were ligated together with the vector containing the ER 
targeting sequence as described for ShSLS1 to obtain the final Sh7CA construct. 
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Strategy for the development of construct, Sh8CA  
A DNA fragment containing the ER targeting sequence and the large subunit of 
CAH1 was PCR amplified with a BamH1 restriction site at the 3’ end from SDM11-2 
using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) and the reverse 
primer LSBamH1 ( 5’ TTGGATCCGGCGTCCGCGGT 3’). This amplified sequence was 
digested with Nco1 and BamH1 to obtain only the large subunit encoding nucleotide with 
an Nco1 site at the 5’ end and a BamH1 site at the 3’ end. The forward primer Sh6CA3 
(5’ AAGGATCC GCCGAGTCCGCGAAC 3’) and the reverse primer T3-2 (5’ 
GCTATGACCATGATTA CGCC 3’) were used to obtain a nucleotide sequence 
containing the small subunit with a BamH1 site at the 5’ end, which was digested with 
BamH1 and Xba1. The fragment containing the large subunit and that containing the 
small subunit sequence were ligated together with the vector containing the ER targeting 
sequence as described for ShSLS1 to obtain the final Sh8CA construct. 
            
Strategy for the development of construct, Sh11CA 
 A DNA fragment containing the ER targeting sequence, a truncated large subunit 
of CAH1 and the first four amino acids of a hydrophobic spacer was PCR amplified with 
an NcoI site at the 3’ end from SDM11-2 using the forward primer T7-2 (5’ 
CGACTCACTATAGGGCGAAT  3’) and the reverse primer Sh11CA3 (5' AAA CCA 
TGG AAT TGG GCA CTC CTT CAG GCC CAC  3'). This segment was digested with 
BamH1 and Nco1 to yield a DNA fragment containing the ER targeting sequence, a 
truncated large subunit and the first four amino acids of the hydrophobic spacer with a 
BamHI site at the 5’ end and an NcoI site at the 3’ end. The second nucleotide, 
containing the remaining five amino acids of the hydrophobic spacer and a truncated 
small subunit, was amplified with an NcoI site at the 5’ end using the forward primer 
Sh11CA5 (5' TTT CCA TGG TTC ATT TTC TGC AAG GCC GTT GCC TTT 3') and 
the reverse primer T3-2 (5’ GCTATGACCATGATTACGCC 3’). This amplified 
oligonucleotide was digested with Xba1 and Nco1. The pBSSK4 vector was digested 
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with BamH1 and Xba1 ligated together with the DNA fragment containing the ER 
targeting sequence, large subunit and first four amino acids of the spacer and the DNA 
fragment containing the truncated small subunit and last five amino acids of the spacer to 
obtain the final Sh11CA construct. 
 
Strategy for the development of construct, Sh12CA 
 A DNA fragment containing the ER targeting sequence, a truncated large subunit 
of CAH1 and the first five amino acids of a hydrophilic spacer was PCR amplified with 
an XbaI site at the 3’ end from SDM11-2 using the forward primer T7-2 (5’ 
CGACTCACTATAGGGCGAAT  3’) and the reverse primer Sh12CA3 ( 5' AAT CTA 
GAT TTT CTT TTG CAC TCC TTC AGG CCC AC  3' ). This segment was digested 
with BamH1 and Xba1. The second nucleotide segment, containing the remaining five 
amino acids of the hydrophilic spacer and a truncated small subunit, was amplified with 
an XbaI site at the 5’ end using the forward primer Sh12CA5 (5' AAT CTA GAG AAA 
AAT GCA AGG CCG TTG CCT TT  3') and the reverse primer T3-2 (5’ 
GCTATGACCATATTACGCC 3’). This amplified oligonucleotide was digested with 
Xba1 restriction enzyme. The pBSSK4 vector was digested with BamH1 and Xba1 
ligated together with the DNA fragment containing the ER targeting sequence, large 
subunit and first five amino acids of the spacer and the DNA fragment containing the 
truncated small subunit and last five amino acids of the spacer to obtain the final Sh12CA 
construct. 
 
Strategy for the development of construct, Sh14CA 
 A DNA fragment containing the ER targeting sequence and a truncated large 
subunit of CAH1 was PCR amplified with a BamHI site at the 3’ end from SDM11-2 
using the forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) and the reverse 
primer SLS2 ( 5' AAA GGA TCC GCA CTC CTT CAG GCC  3'). This amplified 
sequence was digested with Nco1 and BamH1 to obtain only the truncated portion of the 
large subunit with an Nco1 site at the 5’ end and a BamH1 site at the 3’ end. The forward 
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primer Sh6CA3 (5’ AAGGATCCGC CGAGTCCGCGAAC 3’ and the reverse primer 
T3-2 (5’ GCTATGACCATGATTACG CC 3’) were used to PCR amplify the nucleotide 
sequence containing a truncated portion of the small subunit with a BamH1 site at the 5’ 
end, which was digested with BamH1 and Xba1. The fragment containing the truncated 
large subunit and that containing the truncated small subunit sequence were ligated 
together with the vector containing the ER targeting sequence as described for ShSLS1 to 
obtain the final Sh14CA construct. 
 
Strategy for the development of constructs, Sh16CA 
 A DNA fragment containing the ER targeting sequence and the large subunit of 
CAH1 was PCR amplified with a BamHI site at the 3’ end from SDM11-2 using the 
forward primer T7-2 (5’ CGACTCACTATAGGGCGAAT  3’) and the reverse primer 
LSBamH1 ( 5’ TTGGATCCGGCGTCCGCGGT 3’). This amplified sequence was 
digested with Nco1 and BamH1 restriction enzymes to obtain only the large subunit with 
an Nco1 restriction site at the 5’ end and a BamH1 restriction site at the 3’ end. The 
forward primer SSS1 ( 5' TTT GGA TCC AAC CCC GAT GCC TAC  3') and the reverse 
primer T3-2 (5’ GCTATGACCATGATTACG CC 3’) were used to PCR amplify the 
nucleotide sequence containing a truncated portion of the small subunit with a BamH1 
site at the 5’ end, which was digested with BamH1 and Xba1. The fragment containing 
the large subunit and that containing the truncated small subunit sequence were ligated 
together with the vector containing the ER targeting sequence as described for ShSLS1 to 
obtain the final Sh16CA construct.  
After the successful transformation into E. coli strain Dh5 alpha (ref), each of the 
above described vectors was isolated and purified using QIAquick vector purification kit 
(Qiagen), and the coding sequence was confirmed by sequencing the entire construct 
using the forward T7-2 (5’ CGACTCACTATAGGGC GAAT 3’) and reverse (5’ 
GCTATGACCATGATTACGCC 3’) primers that lie outside of the coding sequences.  
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Insertion of the constructs into the binary vector, pCB302-3  
The binary vector, pCB302-3 (Xiang et al., 1999), which contains a Kanamycin 
resistance cassette for selection of transformed E.coli and a Bar gene for selection of 
transgenic plants, was used in this research. This binary vector has a multi-cloning site 
flanked by a 35S promoter and a Nos terminator for constitutive expression of the 
construct in plants.  
Constructs Sh9CA, Sh10CA, Sh11CA and Sh12CA were excised from the 
pBSSK4 vector using BamH1 and Xba1, and the resultant CAH1-containing fragment 
was ligated with BamH1-Xba1 digested pCB302-3. Constructs Sh7CA, Sh8CA, Sh14CA, 
Sh16CA, ShSLS1, ShSLS2, ShSS1 and ShSS2 (Sh13CA) initially contained two BamH1 
restrictions sites, so a unique restriction site, Spe1, was inserted at their 5’ end in the 
pBSSK4 vector. Two small “linker” nucleotides (synthesized in the ISU DNA synthesis 
facility), PL1 (5’ AGCTTACTG TCACTAGTGTAGCTC 3’) and PL2 (5’ 
TCGAGAGCTACACTAGTGACAGTA 3’), were mixed in equal proportions to obtain a 
double stranded oligonucleotide containing an Xho1 site on the 5’ end, a HindIII site on 
the 3’ end and an Spe1 restriction site in the middle. The double-stranded 
oligonucleotides were ligated with Xho1 and HindIII digested pBSSK4 vectors described 
above to generate vectors containing the above constructs flanked by Spe1 at the 5’ end 
and Xba1 at the 3’ end. Final Sh9CA, Sh10CA, Sh11CA and Sh12CA constructs were 
excised with Spe1 and Xba1, and the resultant CAH1-containing fragment was ligated 
into the Spe1-Xba1 digested pCB302-3 vector. 
In each case, successful ligation of the construct with the binary vector was 
confirmed by sequencing (using the primer P3: 5’ ACTCCACCTCGGAGCACCTG 3’) 
part of CAH1 PCR amplified with the forward primer P7 (5’ 
GAATTCGCCATGGCTTGC AT 3’) and reverse primer P11 (5’ 
GAGCTCTAGACTTTAGTGAT 3’) using a standard colony PCR method.  
After the sequence confirmation, the modified pCB302-3 vector was transferred 
by electroporation into the Agrobacterium, strain C58 using gentamycin, rifampicin and 
kanamycin (due to the pCB30-2 vector) resistance genes as selection markers. The 
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transformation was confirmed by amplifying a part of the CAH1 construct with the 
forward primer, p7 (5’ GAATTCGCCATGGCTTGCAT 3’) and the reverse primer, P11 
(5’ GAGCTCTAGACTTTAGTGAT 3’) using a standard colony PCR method. The 
transformed Agrobacterium cells were used for the generation of the transgenic plants. 
 
Transgenic plant development  
Arabidopsis thaliana, ecotype Columbia, wild-type plants were grown in 
continuous day conditions in the greenhouse at 22º C. After transformation by the 
standard Agrobacterium mediated flower dip method (Clough et al., 1998), the wild type 
plants were allowed to develop seeds for about 20 days, then subjected to dehydration 
and seed collection. T0 seeds were sown on fresh soil, and transgenic plants were selected 
at the seedling stage by spraying with herbicide , Liberty. Following isolation of genomic 
DNA isolated from the transgenic plants using a standard CTAB extraction method 
(Murray et al, 1980), the presence of the construct in each case was confirmed by PCR 
amplification using the primers P7 (5’ GAATTCGCCATGGCTTGCAT 3’) and P11 (5’ 
GAGCTCTAGACTTTAGTGAT 3’), purification (QIAquick PCR purification kit; 
Qiagen) and sequencing (ISU sequencing facility using forward primer, P3, 5’ 
ACTCCACCTCGGAGCACCTG 3’) of the PCR product.  
 
Confirmation of protein expression 
The protein expression by individual transgenic plants was confirmed using a 
standard western blot protocol. Total protein was extracted using protein extraction buffer 
(50mM Tris-HCl 7.5, 50mM KCl, 4mM EDTA, PMSF 1 ug/ml) and the protein 
concentration determined using Bradford assay (Guide to Protein Purification). A uniform 
(how much?) amount of protein was subjected to denaturing SDS polyacrylamide gel 
electrophoresis (SDS-PAGE) on 12.5% polyacrylamide gels (Guide to Protein 
Purification), then electrophoretically transferred to PVDF membranes using semidry 
transfer (Biorad), and the membranes were probed with rabbit anti-CAH1 polyclonal 
antibody, followed by a goat anti-rabbit IgG secondary antibody conjugated with 
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horseradish peroxidase and the cross-reactive bands visualized by chemiluminescence 
(Yakunin et al., 1998).  
 
Enzyme activity assay 
 Carbonic anhydrase enzyme activity was assayed by measuring the time interval 
required for a pH change from 8.5 to 7.5 in 3ml of 25mM Barbital (pH9.5 w/KOH), 2ml 
CO2 saturated water and 100 µg of protein (determined by Bradford assay) extracted 
from individual plants in protein extraction buffer (50mM Tris-HCl 7.5, 50mM KCl, 
4mM EDTA, PMSF 1 µg/ml). The time required for the pH change was measured three 
times for each individual sample and three times for the buffer alone and the average 
calculated for each. Enzyme activity in CA units/100 µg of protein was calculated as 
{(average time for the buffer/average time for the individual sample) – 1}* 10.  The 
formula was applied for each of the three readings for individual samples and the average 
activity was calculated.  
 
Protein purification, sequence and peptide analyses  
 CAH1 was purified from Arabidopsis plants by affinity chromatography 
technique on p-aminomethylbezenesulfonamide-agarose as previously described (Roberts 
et al, 1995). The CAH1 content of collected fractions was determined by western blot 
analysis.  
Protein bands of interest were excised from a gel. The gel slices were cut into 
pieces and washed with 500 µl of 100 mM NH4HCO3 for one hour with agitation. The gel 
pieces were further washed three times with 20 mM NH4HCO3/50%(v/v) acetonitrile. 
After dehydration in acetonitrile, the gel pieces were incubated with 10 mM DTT in 100 
mM NH4HCO3 for 30 minutes at 60 ْC, followed by reaction with 55 mM iodoacetamide 
in 100 mM NH4HCO3 for 30 minutes in the dark at room temperature for reducing and 
alkylation. The gel pieces were washed with 20 mM NH4HCO3 and dehydrated with 
acetonitrile and the washing and dehydration procedure were repeated once. After shrunk 
and dried at 37 ْC for 30 minutes, the gel pieces were swollen in a digestion buffer 
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containing 20mM NH4HCO3 and 10 ng/µl of TPCK-treated sequence-grade trypsin 
(Promega, Madison, WI) at 4 ْC. After 30 minutes, the supernatant was removed and 
replaced with 20 µl of 20mM NH4HCO3 to keep them wet during overnight digestion at 
37 ْC. The supernatant was collected. The gel pieces were further extracted by two 
changes of 1% HAc in 50% acetonitrile. The solutions were combined with the 
supernatant and dried down. 1 µl of matrix solution (CHCA 10 mg/ml in 50% 
CH3CN/0.1% TFA) was used to dissolve the peptides and applied on a MALDI target 
plate. 
MALDI-TOF MS/MS MS analyses were performed by the ISU Proteomics 
Facility using a QSTAR XL quadrupole TOF mass spectrometer (AB/MDS Sciex, 
Toronto, Canada) equipped with an oMALDI ion source and operated in the positive ion 
mode. Mass spectra for MS analysis were acquired over m/z 500 to 4000, and MS/MS 
acquisition was performed against most intensive ions after every regular MS acquisition. 
The molecular ions were selected by information dependent acquiring in the quadrupole 
analyzer and fragmented in the collision cell.  
Column purified CAH1 protein was separated by denaturing SDS-PAGE, 
transferred to immobilon transfer membrane (0.2 um pore size, Millipore), and stained 
with Coomassie Brilliant Blue R-250. The stained band corresponding to the predicted 
molecular weight of the small subunit was subjected to N-terminal sequencing on a 
Procise protein sequencer (model 494, Applied biosystems, California) by the ISU 
Protein Facility.  
In order to evaluate whether any unprocessed small subunit was still connected to 
the large subunit, affinity purified CAH1 protein was separated by denaturing SDS-PAGE 
gel and stained with Coomassie Brilliant Blue R-250. The stained band corresponding to 
the large subunit was submitted to the ISU Protein Facility, where it was subjected to 
trypsin digestion, followed by separation of tryptic peptides by reverse phase HPLC (1 
mm by 250 mm, C18 column from Vydac; Beckman model 126AA). MALDI-TOF 
analysis was performed on the resolved peptide fractions (Finnaga Met Dynax). The 
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peptides from fractions that matched predicted molecular weight of peptides from the 
small subunit were subjected to N’ terminus sequence analysis.   
 
Results 
Earlier results of constructs with modified amino acid sequences within the 
junction sites between the spacer and the large and the small subunits, constructs with 
truncated spacer sequences, constructs with modifications at predicted proteolytic sites 
within the spacer and a construct with a frame-shift in the spacer region, indicated that 
proteolysis was not solely controlled by the junction sites or by any specific amino acid 
sequence within the spacer (Chapter 2). This was further investigated by complete 
deletion of the spacer in construct SH8CA (Figure 2). Western blot analysis in 
comparison with the positive control, SDM 11-2, showed a prominent band the same 
apparent molecular weight as the large subunit of the positive control (37 KDa), 
suggesting proteolytic removal of the small subunit, and a second, less prominent protein 
band with slightly lower apparent molecular weight (35 KDa) (Figure 6). The molecular 
size of the smaller band is consistent with lack of a glycosylation site, as seen in ShSLS2 
(see below), but this is unconfirmed. The N-terminal sequence of the upper band was 
consistent with the positive control (Table 2). The N-terminal sequence analysis of the 
small subunit confirmed the proteolytic cleavage of the small subunit from pre-protein 
(Table 1), and MALDI-TOF analysis of the more prominent upper band of affinity 
purified CAH1 of Sh8CA failed to detect any peaks matching peptides from the small 
subunit, further confirming that the small subunit was proteolytically separated from the 
pre-protein (data not shown). Successful processing of Sh8CA unequivocally 
demonstrated that the sequence of the spacer was not important for processing; in fact the 
spacer itself was unnecessary.  
If the spacer itself is unnecessary for processing, the controlling elements for 
processing of the pre-protein might be found in the sequences flanking the spacer in the 
large and small subunits. To investigate the potential role played by the sequences in the 
large and small subunits flanking the spacer, four constructs, ShSS1, ShSS2, ShSLS1 and 
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ShSLS2, were designed and expressed in Arabidopsis with alterations in these flanking 
sequences.  
 Deletion in constructs ShSS1 and ShSS2 of either 4 or 10 amino acids, 
respectively, from the N-terminus of the CAH1 small subunit expressed in arabidopsis 
resulted in large subunit protein bands indistinguishable in apparent molecular size on 
western blots from that of the control, SDM 11-2 (Figure 5), indicating the absence of 
these flanking amino acids in the small subunit had no effect on the processing of the 
CAH1 pre-protein. Similarly, deletion of the C-terminal 6 amino acids from the CAH1 
large subunit in ShSLS1 (Figure 2) also resulted in a large subunit protein 
indistinguishable in size from that of the control, SDM 11-2 (Figure 5), indicating that the 
absence of these 6 amino acids also did not affect processing of the CAH1 pre-protein.  
However, deletion in construct ShSLS2 of the C-terminal 10 amino acids from the 
CAH1 large subunit, from the cystine (C296) that forms the disulfide bridge with the 
small subunit to the junction site between the large subunit and the spacer (Kamo et al 
1990) and including the asparagine residue (N297) known to be gycosylated (Ishida et al, 
1993), resulted in an apparent molecular weight decrease of approximately 3 kD in the 
CAH1 large subunit protein from ShSLS2 (35 KDa) relative to the positive control, SDM 
11-2 (37 KDa) (Figure 5). The N-terminal sequence analysis of the large subunit from 
ShSLS2 revealed the expected amino acid sequence (Table 2) ruling out the possibility of 
N-terminal truncation as an explanation for the decreased molecular weight. MALDI-
TOF analysis of trypsin digested, purified CAH1 large subunit protein from ShSLS2 
failed to identify the C-terminal peptide, but identified the peptide ISFGQWNR, which is 
10 amino acids from the expected C’ terminus (Figure 3). No small subunit peptides were 
identified from the large subunit by MALDI-TOF, and separation of the small subunit 
was confirmed by N-terminal sequence analysis of the small subunit from affinity 
purified CAH1 protein (Table 1). Again, these results clearly demonstrate the lack of any 
sole controlling role played by the 10 terminal amino acids of the large subunit C-
terminus in proteolysis of the CAH1 pre-protein.  
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 Since the spacer itself was unnecessary for proteolytic processing of the CAH1 
pre-protein and deletion analysis of the large and small subunit sequences flanking the 
spacer indicated they also had not controlling role in CAH1 pre-protein processing, we 
tested the hypothesis that the distance between the cystine residues in the large and small 
subunits that form the disulfide bond between the subunits is critical for processing. The 
total number of amino acids between the disulfide-bond-forming cystine residues of the 
small and large subunits in Sh8CA is 21, so we designed three more constructs, Sh7CA, 
Sh14CA and Sh16CA, with fewer amino acid residues separating the disulfide-bond-
forming cystine residues. (Figure 2) 
Construct Sh7CA completely lacks the spacer region, ten amino acids at the C-
terminus of the large subunit and four amino acids at the N-terminus of the small subunit, 
bringing the total number of amino acids between the disulfide-bond-forming cystine 
residues to eight, including two amino acids resulting from the addition of a BamHI 
restriction site. The large subunit of this construct is essentially identical to that of 
ShSLS2, which lacks ten amino acids at the C-terminus of the large subunit, including the 
asparagine residue known to be glycosylated (Figure 2). Western blot analysis (Figure 5) 
showed an apparent molecular weight (37 KDa) for the detected CAH1 protein from 
Sh7CA very similar to that of the positive control, SDM 11-2 (37 KDa), but significantly 
higher than the apparent molecular weight of the CAH1 large subunit from ShSLS2 (35 
KDa). N–terminal sequence analysis of the affinity purified protein from Sh7CA 
confirmed the removal of the endomembrane targeting signal peptide (Table 2). To 
determine whether proteolytic removal of the small subunit from the CAH1 pre-protein 
occurred, MALDI-TOF analysis was performed on the affinity purified, trypsin digested 
CAH1 protein from Sh7CA(Figure 4). The data indicated the presence of a peptide 
(AVAFGQNFR, molecular weight 1009.5803 Da) from the small subunit, indicating the 
lack of proteolytic cleavage of the small subunit from the rest of the protein. Tryptic 
peptides from the affinity purified CAH1 protein of Sh7CA were isolated by HPLC and 
selectively sequenced, allowing identification of CAH1 small subunit peptides 
ECGSNPDAYTCK (mass 1287.4986 Da) and AVAFGQNFR (mass 1009.13 Da), 
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confirming that the mature CAH1 protein from Sh7CA retained the small subunit 
covalently bonded with the large subunit. Although unprocessed, the carbonic anhydrase 
activity assay demonstrated the CAH1 protein from Sh7CA is active (Figure 7). 
 Sh14CA lacks the spacer region and ten amino acids at the C-terminus of the large 
subunit (Figure 2), so the total number of amino acids between the disulfide-bond-
forming cystine residues is 12, which includes two amino acids from the addition of a 
BamH1 restriction site. Western blot analysis comparing the apparent molecular weight 
of the CAH1 protein from Sh14CA with that from the positive control, SDM 11-2, as 
well as from ShSLS2 revealed two consistent, clear CAH1 protein bands (Figure 6), with 
the upper, more intense band (molecular weight 38 KDa) similar to the apparent 
molecular weight of both the positive control and of Sh7CA, as well as a lower, less 
intense band (molecular weight 35 KDa) similar to the apparent molecular weight of 
CAH1 from ShSLS2. The N-terminal sequences of the two protein bands from affinity 
purified Sh14CA CAH1 were consistent with the N-terminus of the large subunit of SDM 
11-2 (positive control), indicating successful and normal cleavage of the endomembrane 
targeting signal peptide (Table 2). Protein samples from both bands also were subjected 
to trypsin digestion and MALDI-TOF analysis, which indicated the presence of small 
subunit peptides in the upper band, but not from the lower band (data not shown). Tryptic 
peptides from the upper band of Sh14CA CAH1 protein were resolved by HPLC and 
selectively sequenced, revealing the presence of CAH1 small subunit peptides 
NPQYANGR (mass 919.43 Da) and ECGSAESANPDAYTCK (mass 1645.64 Da), 
confirming that the upper band of Sh14CA included the small subunit covalently bonded 
with the large subunit of CAH1. 
 Construct Sh16CA lacks the spacer and 9 amino acids in the flanking region of 
the small subunit (Figure 2), so 16 amino acids separate the disulfide-bond-forming 
cystine residues of the small and large subunits. Western blot analysis consistently 
indicated the presence of four separate CAH1 protein bands. Relative to the apparent 
molecular weight of the CAH1 large subunit from the positive control, SDM11-2 (37 
KDa), the upper two bands appeared slightly larger (42 KDa and 40 KDa, respectively), 
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the second lowest band appeared similar in size (37 KDa), and the lowest band appeared 
slightly smaller (34 KDa) but similar in size to that from ShSLS2 (35 KDa)(Figure 6). 
Affinity purified CAH1 protein was subjected to N-terminal sequencing of the large 
subunits, but due to our inability to resolve all 4 bands sufficiently, the top two bands and 
the lower two bands were analyzed as pairs. The N-terminal sequences, including minor 
peptide sequences, all were consistent with the positive control, indicating that all four 
bands had same N-terminal sequence (Table 2). MALDI-TOF analysis of the top two 
bands together, again due to our inability to resolve them sufficiently, detected peptides 
from the small subunit, indicating the lack of proteolytic separation of the small subunit 
in at least one of the two bands, if not both. Small subunit peptides were not detected by 
MALDI-TOF analysis in either of the lower two bands analyzed separately, indicating the 
successful proteolytic removal of the small subunit in both (data not shown). Tryptic 
peptides from the upper two bands together were resolved by HPLC and selectively 
sequenced, revealing the presence of small subunit peptides AVAFGQNFR (mass 
1009.13 Da) and NPQYANG (mass 919.43 Da) , and confirming that at least one of the 
two top bands resulted from unprocessed CAH1 protein where small subunit was still 
covalently bonded with the large subunit. The successful detection of the small subunit in 
affinity purified CAH1, confirmed by N-terminal sequence analysis, is consistent with 
the lower two bands representing proteolytically processed CAH1 containing only the 
large subunit (Table 1). These results demonstrate partial processing of CAH1, where the 
small submit was processed from only some of the pre-protein molecules, while others 
remained unprocessed.  
 
Constructs to test the effect of hydrophobic or hydrophilic spacer on proteolysis of 
the spacer 
 
Sh11CA and Sh12CA 
 Constructs Sh11CAand Sh12CA were prepared to contain no large subunit or 
small subunit flanking sequences and only short, completely artificial spacer sequences 
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between the disulfide-bond-forming cystine residues of the large and small subunits. 
Construct Sh11CA contains an artificial stretch of 7 hydrophobic amino acids, and 
Sh12CA contains an artificial stretch of 7 hydrophilic amino acids, bringing the total 
number of amino acids between the disulfide-bond-forming cystine residues of both 
subunits in both to seven (Figure 8). Since both constructs lack the 10 amino acids at the 
C-terminus of the CAH1 large subunit, they lack the glycosylation site missing also in 
constructs ShSLS2 and Sh7CA. Western blot analysis revealed the apparent molecular 
weight of the CAH1 protein from both Sh11CA and Sh12CA to be larger than that of 
SHSLS2 and similar to that of the CAH1 large subunit of the positive control, SDM 11-2, 
and of the CAH1 protein from Sh7CA, indicating that the small subunit was not 
proteolytically cleaved in the CAH1 protein from these constructs (Figure 9).  
 
Discussion 
Site specific limited proteolysis is an important step that converts an inactive pre-
protein into a functional, correctly folded mature protein. As state earlier, various proteins 
traveling through the endomembrane system undergo limited, site specific proteolysis 
which has been well studied in yeast (Kjeldsen 2000) and mammalian cells (Rockwell et 
al 2004). Even in the kingdom of plants,  activity of endoproteases have been 
demonstrated such as in tobacco (Jiang et al 1999) and Arabidopsis (Francois et al, 2002) 
though in Arabidopsis evidence is still indirect and intracellular location of those is still to 
be confirmed . In this study we demonstrate a novel and potentially unique proteolytic 
processing that converts the pre-protein of periplasmic carbonic anhydrase 1 (CAH1) into 
a mature, glycosylated, heterotetrameric active form. Based on well-studied systems, it is 
reasonable to expect limited and specific proteolysis to occur through proteases 
recognition of one or more specific amino acid sequences in the processed pre-protein. 
For example, kex2p protease, which is responsible for the maturation of the α-mating 
factor in yeast, recognizes and cuts at the C-terminus of dibasic sites, usually -RR- or -
KR- (Kjeldsen 2000). Similarly, the subtilases in mammals (furins) also rely on the 
occurrence of dibasic sites in their target polypeptides (Rockwell et al 2004). Specific 
cleavage is also required in the storage vacuoles in seeds for the generation of the mature 
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form of the storage proteins. A vacuolar processing enzyme (VPE) responsible for this 
post translational cleavage was shown to recognize and cleave at the carbonyl side of an 
exposed asparagine residue. In pumpkin it was shown that a specific VPE recognizes and 
cleaves at an asparagine-glutamine site in a storage protein, generating the mature form. 
(Yamada et al 1999).  
We designed series of constructs in order to pinpoint the target site/s for proteases 
responsible for the proteolysis of the pre-protein of CAH1. (Chapter 2). In the first set of 
constructs we disrupted the previously demonstrated junction sites between the spacer 
and the large and small subunits. In the second set of constructs we expressed CAH1 with 
deletions in the spacer region to determine the location of potential target sites for the 
proteases within the spacer. For all the above constructs we observed successful CAH1 
expression and full proteolytic processing to release a large subunit indistinguishable in 
apparent molecular weight from that of the positive control, suggesting the lack of any 
specific amino acid recognition sequence controlling the proteolysis. Successful 
expression of construct SDMMIS containing a unique amino acid sequence of the spacer 
and processing of this modified CAH1 protein to a large subunit with the correct apparent 
molecular weight confirmed the lack of a specific amino acid sequences as specific 
protease recognition sites in the spacer region. Failure to pinpoint any amino acid 
sequence required for proteolysis within the spacer led us to hypothesize that proteolytic 
processing of the CAH1 pre-protein is an opportunistic process not reliant on any specific 
amino acid sequence. This hypothesis is described in detail in following section. 
 
Hypothesis in detail 
 The failure of earlier work to locate a specific targeting site essential for 
proteolytic processing within the spacer prompted us to explore the region flanking the 
spacer. Cystine residues involved in disulfide bond formation between the large and small 
subunits have been demonstrated to be located 9 amino acids upstream of the mature C-
terminus in the large subunit and 10 amino acids downstream of the mature N-terminus in 
the small subunit (Fukuzava et al, 1990). Earlier research involving a construct lacking 
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one or both of the disulfide bond forming cystine residues resulted in much reduced 
levels of protein expression, indicating the importance of disulfide bond formation 
between large and small subunit for stable CAH1 protein expression (Chapter 2). Careful 
observation of the amino acid sequence between these cystine residues in the pre-protein 
reveals a peptide with an unusually high proportion of hydrophilic residues.  Out of 35 
amino acids that form the spacer peptide, 17 amino acids are charged. We hypothesized 
that upon insertion of the CAH1 pre-protein into the endoplasmic reticulum and 
proteolytic processing of the N-terminal signal peptide, large and small subunits fold into 
their respective tertiary structures leaving the hydrophilic spacer peptide as a loop 
extending into the solvent, which should provide easy access to various proteases, 
effectively making proteolysis of the spacer an opportunistic process. Once one or more 
specific or non-specific endoproteases cleave the spacer, aminopeptidases and 
carboxypeptidases progressively cleave exposed residues until steric hindrance from the 
folded large and small subunits prevent them from cleaving any further. Similar 
proteolysis also has been described by Francois, et al. (2002) in Arabidopsis by 
transgenic expression of a polyprotein construct leading to production of two different 
antimicrobial proteins that were separated by a spacer-like, linker peptide. Although in 
this case the initial proteolytic cleavage was suggested to be dependent on occurrence of 
a diacidic site such as Asp/Glu, no direct evidence was provided to support the 
involvement of or requirement for the diacidic residues (Tailor et al, 1997, Francois et al, 
2002).  
 
Constructs to test the hypothesis 
 To test our hypothesis, we developed series of constructs with deletions and 
modifications in the sequences of the large and small subunits flanking the spacer, as well 
as constructs with a progressively reduced number of amino acids between the disulfide-
bond-forming cystine residues of the large and small subunits. Our goal was to confirm 
that no specific sequence in the spacer or flanking sequences was required for processing 
and to reduce the physical distance between the disulfide-bond-forming cystine residues, 
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thereby progressively decreasing the size of the hypothetical spacer loop extending into 
the solvent and potentially inhibiting proteases from gaining access.  
No apparent effect on CAH1 processing was noted with any of the four constructs, 
ShSLS1, ShSLS2, ShSS1 and ShSS2, with deletions only in the flanking sequences of the 
large and small subunits, demonstrating that no unique role in processing is played by 
these flanking sequences. The only effect noted was a decrease in the apparent molecular 
weight of the large subunit from construct ShSLS2, which lacks all 9 amino acids at the 
C-terminus of the large subunit. Thus the decreased large subunit molecular weight for 
ShSLS2 can be attributed to the missing N-linked glycosylation and lack of a potentially 
bulky sugar molecule.  
The results from construct Sh8CA, which entirely lacks the spacer amino acid 
sequence, provided an important advance in our understanding of the processing of the 
CAH1 pre-protein, in that it demonstrated clearly that the spacer itself was not needed for 
processing. Together with the lack of any effect of the flanking sequences of the large and 
small subunits, this observation suggested that the length and physical characteristics of 
the amino acid stretch between the disulfide-bond-forming cysteines of the large and 
small subunits might be the key to processing.  
Four constructs, Sh8CA, Sh16CA, Sh14CA and Sh7CA, representing a 
progressively decreasing number, from 21 (Sh8CA), to 17 (Sh16CA), to 12 (Sh14CA), to 
8 (Sh7CA) amino acids between the key cystine residues were used to test the hypothesis 
that the number of amino acids between these cystine residues is key to allowing an 
opportunistic processing of the CAH1 pre-protein. As mentioned above, our observations 
indicate Sh8CA, with 21 amino acids separating the key cysteines, was processed 
normally. Although there was, to a variable extent, a slightly lower molecular weight 
presumptive large subunit detected that may represent either a truncated or a non-
glycosylated large subunit, there was no evidence from the MALDI-TOF analysis for the 
presence of a non-processed CAH1 protein.  
On the other hand, Sh7CA, with only 8 amino acids separating the key cystines, 
showed no evidence of processing at all, other than removal of the signal peptide. This 
 56
conclusion is supported by the presence of a single band with an apparent molecular 
weight much higher than the large subunit of ShSLS2, with which Sh7CA shares in 
lacking the whole large subunit flanking sequence, including the asparagine residue 
glycosylated in the control. Confirmation of the lack of processing was provided by the 
presence of small subunit sequences, confirmed by N-terminal sequencing of tryptic 
peptides, detected in the MALDI-TOF analysis of the purified, single CAH1 protein band 
from Sh7CA. Enzyme activity assay performed using total protein extract from three 
separate transgenic T1 generation plants indicated an active form of the enzyme 
suggesting proteolytic separation of the small subunit may not be necessary for the 
enzyme activity.  
 Sh14CA and Sh16CA, with 12 and 17 amino acids, respectively, separating the 
key cystine residues, both yielded multiple large-subunit-containing CAH1 protein bands, 
suggesting partial processing of the pre-proteins produced from these constructs.  Two 
distinct bands were observed with Sh14CA, one similar in size to that of ShSLS2, with 
which this construct shares in lacking the whole large subunit flanking sequence, 
including the asparagine residue glycosylated in the control, and a second, more intense 
band with higher molecular weight, similar to that of Sh7CA.  MALDI-TOF analysis and 
N-terminal sequencing of tryptic peptides confirmed the presence of from the small 
subunit sequence in the upper band, but not in the lower band, demonstrating that the 
upper band represents an unprocessed pre-protein and the lower band a processed large 
subunit of CAH1.  
 Four distinct bands were observed with Sh16CA, the top two bands both having 
higher molecular weights than the positive control, the third band from top having a 
molecular weight similar to the positive control, and the lowest band having a lower 
molecular weight than the positive control. MALDI-TOF analysis and N-terminal 
sequencing of tryptic peptides confirmed that at least one or both of the top two bands 
retained the small subunit sequence and represented an unprocessed form of the CAH1 
pre-protein. The absence of small subunit sequences in MALDI-TOF analysis of the 
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lower two bands, together with the successful detection of a separated small subunit 
confirmed that the lower two bands represented processed, large subunits of CAH1.   
The best explanation for the occurrence of 4 large-subunit-containing CAH1 
protein bands appears to be that in both the upper, unprocessed pair and the lower, 
processed pair, the lighter of each pair either has altered glycosylation or is lacking 
glycosylation completely, presumably of the asparagine in the large subunit flanking 
region. The reasons we believe this to be the case are as follows. The terminal most 
peptide that could be identified from MALDI-TOF data from both the lower two bands 
was ISFGQWNR, which is 17-18 amino acids upstream from the cleavage site indicated 
by the N-terminus of the small subunit, but the cystine residue of the large subunit, which 
is required for stability, is only 7-8 amino acids upstream from the cleavage site indicated 
by the N-terminus of the small subunit. Thus the C-terminus of the large subunit, 
although not directly detected, must lie within those 7-8 amino acids. Differential N-
glycosylation at the asparagine residue in large subunit has been reported to explain the 
observed CAH1 large-subunit doublet on SDS-PAGE (Ishida et el 1993). So, since no 
sequence differences between the lower two bands could be confirmed, the observed size 
differences might be explained by differential glycosylation, either resulting from loss of 
the glycosylated asparagine in the lowermost band or from some steric interference 
decreasing the efficiency of the glycosylation. The smaller, variable intensity band 
observed in Sh8CA (see above) has a molecular weight similar to the lower most band of 
SH16CA and shares other characteristics, suggesting it also may result from incomplete 
glycosylation for the same reasons outlined above. Similarly, the occurrence of two upper, 
apparently unprocessed bands also may be attributed to differential glycosylation, since 
no sequence differences between the two bands were confirmed either by N-terminal 
sequencing or by C-terminal analysis. However, in this case, the loss of the glycosylated 
asparagine is not an option, so the differential glycosylation would have to result from 
poor efficiency in the glycosylation of this particular form of CAH1 protein. Even though 
we can not offer conclusive explanations for the occurrence of multiple bands, we can 
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conclusively state that Sh16CA generates a mixed population of CAH1 proteins that 
includes both processed and unprocessed mature proteins. 
 The results from constructs Sh8CA, Sh16CA, Sh14CA and Sh7CA suggest that 
decreasing the number of amino acids between the disulfide-bond-forming cysteines of 
the large and small subunits below about 21 results in a decrease in the efficiency of 
CAH1 pre-protein processing, resulting in a complete lack of processing when only about 
8 amino acids separate the cysteines. To evaluate the effect of the hydrophilic or 
hydrophobic nature of the amino acid stretch separating the disulfide-bond-forming 
cystine residues on the proteolytic processing of the pre-protein, 2 constructs were 
developed, Sh11CA, in which the cystine residues were separated by 7 hydrophobic 
amino acids, and Sh12CA, in which the cystine residues were separated by 7 hydrophilic 
amino acids (Figure 8). Since the peptide sequence of the large subunit in these constructs 
is same as that in ShSLS2 and Sh7CA, the molecular weight of the mature protein should 
be similar to ShSLS2 if processed and similar to Sh7CA if not processed. Since both 
constructs result in a mature CAH1 protein with a molecular weight the same as Sh7CA, 
appear to be unprocessed, which argues that, at least at the most constraining level with 
7-8 amino acids between the key cysteines, the hydrophilic/hydrophobic nature of this 
stretch of amino acids does not appear to have any impact.  
 Our results suggest that the previously identified spacer region is not necessary 
for the proteolytic separation of the large and small subunits although it may play an 
important role in the correct post-translational modification of the protein, such as N 
glycosylation. We can also conclude that the efficiency of the proteolytic machinery in 
cleaving the small subunit from the CAH1 pre-protein increases with the number of 
amino acids separating the disulfide-bond-forming cystine residues, at least in the range 
of 8 - 21 amino acids. This appears to be true, at least at the lower end, regardless of 
whether the amino acids separating the cystines are hydrophobic or hydrophilic. Our 
results also indicate that proteolytic separation of the small subunit is not a necessity for 
the production of an active enzyme, since the unprocessed mature protein from Sh7CA 
was active. Although it is clear that processing efficiency in the range of 12 – 17 amino 
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acids is intermediate between that observed with Sh8CA (21 amino acids) and Sh7CA (8 
amino acids), more work is required to resolve the glycosylation ambiguity in the results 
due to the additional bands in the mature proteins from Sh16CA and Sh8CA, such as the 
analysis of the extent and location of glycosylation present in specific bands and/or 
development of constructs with same number of amino acids separating the key cystine 
residues but lacking the glycosylated asparagine residue in question. Also varying the 
hydrophobicity of the stretch of amino acids in constructs with 10 – 20 amino acids 
between the key cystine residues should help clarify the contribution of the physical 
nature of this amino acid stretch to the efficiency of processing.  
 Various examples are known of proteolytic processing in the secretory pathway. 
The earliest demonstrated example was the maturation of the alpha mating factor in 
Saccharomyces serevisiea, in which KEX2  protease targets a dibasic site, followed by 
cleavage of exposed amino acids by dipeptidyl aminopeptidase and carboxypeptidases. 
(Kjeldsen T, 2000). In plants, the presence of proteases within the secretory pathway have 
also been reported . For example, a study involving tobacco suspension cells also has 
indicated the presence of KEX2 like proteolytic activity in Golgi bodies (Kinal et al, 
1995, Jiang L et al, 1999). All the above examples involve an endoprotease targeting a 
specific amino acid sequence. Our research proposes potentially a unique proteolytic 
processing. Our results suggest that proteolytic processing of CAH1 is an opportunistic 
process that relies on an unidentified endoprotease/s to make an initial, perhaps non-
specific cut, the efficiency of which is related to the physical distance between the 
disulfide-bond-forming cystine residues of the large and small subunits. The variable N-
terminal sequence results from the small subunit suggests that after the initial cut, the 
exposed residues are cleaved by aminopeptidases and carboxypeptidases until the steric 
hindrance of the folded large and small subunits prevent them from cleaving any further. 
Our inability to pinpoint a requirement of any specific amino acid sequence for the 
proteolysis suggests involvement of unknown, probably multiple, opportunistic 
endoproteases.  
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 Our research offers a unique and potentially previously unknown proteolytic 
processing pathway. More research efforts are required to understand this process 
completely, and the very existence of the process, which clearly does not exist in 
Arabidopsis to process Chlamydomonas CAH1, raises the important question of how 
many other proteins and which other proteins are processed in a similar way. A report 
describing the posttranslational maturation of 4 antimicrobial proteins from I. balsamina 
seeds suggests the presence of controlled proteolysis that yields from a single pre-protein 
4 separate proteins separated from each other by amino acid stretches termed linker 
peptides. These reports speculate on the potential involvement of a protease targeting 
diacidic sites such as Asp-Glu, followed by the action of amino and carboxypeptidases 
(Tailor R. et al, 1997). However, the published work does not demonstrate or test the 
involvement of a specific endoprotease or the requirement for a specific amino acid 
sequence in the linker peptides, so it is possible that this processing of antimicrobial 
proteins from a pre-protein in I. balsamina might also proceed via a mechanism similar to 
that we describe here for Chlamydomonas CAH1 pre-protein in Arabidopsis. 
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Tables and Figures 
 
Name of the 
constructs 
Major peptide Minor peptide 
ShSLS2 L(A)ESANPD 
 
AESANPD 
 
Sh7CA Not detected  
Sh14CA Not detected  
Sh16CA ADAGSNP 
 
(D)(A)GSNPD 
 
Sh8CA SANPDAY 
 
DAGSAES 
 
SDM 11-2 LAESAN AESANP 
 
Table 1.  Table showing major and minor N-terminal sequences of the CAH1 small 
subunit. The construct names are given in first column. Second column shows the major 
peptide sequence while third column shows minor peptide sequence. The parentheses 
indicate the expected amino acid which could not be confirmed due to ambiguous signal. 
 
Name of the construct Major peptide Minor peptide 
ShSLS2 (C)IYKFGT (E)FAMA(C)I 
Sh7CA (C)IYKFGT EFAMA(C)I 
Sh14CA Upper band 
Sh14CA Lower band 
(C)IYKFG (E)FAMA(C) 
(C)IYKF(G) (E)FAMA(C) 
Sh16CA Upper two bands 
Sh16CA Lower two bands 
(C)IYKFGT EFAMA(C)I 
(C)IYKFGT EFAMA(C)I 
Sh8CA (C)IYKFGT EFAMA(C)I 
SDM 11-2 (C)IYKFGT EFAMA(C)I 
 
Table 2.  Table showing major and minor N-terminal sequences of the CAH1 large 
subunit. The construct names are given in first column. Second column shows the major 
peptide sequence while third column shows minor peptide sequence. The parentheses 
indicate the expected amino acid which could not be confirmed due to ambiguous signal. 
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 +TOF MS: 300 MCA scans from Sample 1 (080707-2) of 083107Parijat.wiff
a=3.56851169829217460e-004, t0=-1.63249215308023850e+001
Max. 1.2e4 counts.
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Figure 3.  Mass spectrometry data of the large subunit of ShSLS2.  Molecular weight in 
daltons is given on the X axis. The inset, smaller box shows peaks between molecular 
weight 1004 daltons to 1012 daltons from the same mass spectrometry data. Intensity 
units/1000 are given on the Y axis. Molecular weight of peak 1 and 2 is 1007.5642 Da, 
peak 3 is 1008.5634 Da, while peak 4 is 1009.5713Da. 
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 +TOF MS: 300 MCA scans from Sample 4 (083007-3, Sh7 CA (3)) of 083107Parijat.wiff
a=3.56851169829217460e-004, t0=-1.63249215308023850e+001
Max. 7181.0 counts.
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Figure 4.  Mass spectrometry data of the construct Sh7CA. Molecular weight in daltons 
is given on the X axis. The inset, smaller box shows peaks between molecular weight 
1004 daltons to 1012 daltons from the same mass spectrometry data. Intensity in 
units/1000 is given on the Y axis. Molecular weight of peak 1 and 2 is 1007.5652 Da, 
peak 3 is 1008.5692 Da, while peak 4 is 1009.5803 Da. 
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ShSLS1 ShSLS2 ShSS1 ShSS2 SDM11-2 Negative
40
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Figure 5: Western blot analysis of the constructs ShSLS1, ShSLS2, ShSS1 and ShSS2. 
SDM11-2 is included as a positive control, while non transformed Arabidopsis thaliana is 
included as a negative control. 10 µg of total soluble protein was loaded in each lane.  
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Figure 7.  Carbonic anhydrase activity assay of three individual transgenic plants from 
Sh7CA. Activity assay conducted using 100 µg of total soluble protein as mentioned in 
materials and methods section. The Y axis indicates activity in units per 1000 µg of total 
soluble protein. Plant numbers are indicated on the X axis. The lower panel shows 
western blot performed with protein extract from same plants using10 µg of total soluble 
protein in each lane. SDM11-2 is a positive control while non transformed Arabidopsis 
thaliana is a negative control. 
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Amino acid sequence of the constructs Sh11CA and Sh12CA
SDM 11-2    (NH3+)…ETAADAGHHHHHRRLLHNHAHLEEVPAATSEPKHYFRRVMLAESANPD…(COO-)
Sh11CA      (NH3+)…ETAADA------------------------------PIPWFIP-----------------------------AESANPD…(COO-)
Sh12CA      (NH3+)…ETAADA------------------------------KRKESREK-------------------------AESANPD…(COO-)
 
 
 
Figure 8: Amino acid sequence of the modified region of the constructs Sh11CA and 
Sh12CA. The key disulfide-bond-forming cysteines are indicated with an underlined “C”. 
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Figure 9: Western blot analysis of the constructs Sh11CA, Sh12CA and ShSLS2 with 10 
µg of total soluble protein is loaded in each lane. SDM11-2 is the positive control while 
non transformed Arabidopsis thaliana is the negative control. 
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GENERAL DISCUSSION AND CONCLUSIONS 
Site specific, limited proteolysis is a selective mechanism that acts in concert with 
other post-translational modifications in many cellular processes, such as production of 
anti-microbial peptides (Tailor et al, 1998), programmed cell death (Thornberry et al 
1998) and intracellular protein targeting (Martoglio et al 1998). Typically, genes first are 
transcribed in the nucleus to generate mRNA, which in turn is translated in the cytosol to 
form pre-protein. The endomembrane targeting signal peptide, which is usually present at 
the N-terminus of the pre-protein, is identified by the signal recognition particle (SRP), 
targeting the nascent polypeptide to the endomembrane, where signal peptidase cleaves 
the signal peptide as the polypeptide chain gains entry into the endoplasmic reticulum. 
During the journey through the secretory pathway, which includes the endoplasmic 
reticulum, Golgi bodies and secretory vesicles, the secretory protein undergoes a series of 
prost-translational modifications required for generating a correctly folded, functional 
protein. Secretory pathway localized, limited endoproteolysis of an inactive precursor at 
sites marked by dibasic amino acids (Lys-Arg or Arg-Arg) was first shown to be 
responsible for the conversion of the inactive precursor of insulin (pro-insulin) to the 
active form (Rockwell et al 2004). The endopeptidases involved in the conversion of the 
inactive forms of proteins to the active forms are termed pro-protein convertases (PCs). 
The first PC to be identified and studied extensively was Kex2 from Saccharomyces 
cerevisiae, which is responsible for the maturation of the 13 amino acid long, α type 
mating factor from a larger precursor (As reviewed by Kjeldsen 2000). This discovery 
was followed by the identification of various other endopeptidases (PC1/3, PC2, PC4, 
PC5, PC6A, PC6b, and PC7) that cleave proteins at dibasic sites in the secretory pathway 
in various tissues in organisms including yeast and mammals. PCs that are also called 
furins in mammals are part of the huge superfamily of serine proteases called subtilases, 
the majority of which are shown to be present in Golgi bodies, TGN or secretory vesicles 
(Gensberg et al 1998). The proteins that undergo such proteolytic cleavage include most 
peptide hormones, growth factors, receptors, and plasma membrane proteases.   
Even though the available data related to limited and specific proteolysis in the 
secretory pathway of plants lags behind yeast and mammalian cell lines, sustained 
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research efforts have demonstrated  examples of either proteases or site specific limited 
proteolysis with the involvement of yet to be discovered endoproteases in plants.  
 Kinal and group predicted the presence of Kex2 like protease in the secretory 
pathway in tobacco, since the protein KP6, a toxin from the fungus Ustilago maydis for 
which Kex2 protease was required for processing, could be successfully processed by 
tobacco cells (Kinal et al, 1995). Later, Jiang and Rogers successfully demonstrated the 
presence of Kex2 like protease in the Golgi network in tobacco cells (Jiang et al, 1999). 
In tomato, a defense related peptide systamin is processed from its larger precursor on the 
plasma membrane, possibly due to the action of a protease similar to Kex2 (Schaller et al 
1996). Research has shown the presence of subtilisin-like proteases in Arabidopsis. For 
example, SDD1 was shown to be responsible for guard cell development, while ALE1 
was shown to be responsible for cuticle development during embryogenesis, and both 
were predicted to be secreted proteases active in the apoplast. A recent review by van der 
Hoorn (van der Hoorn, 2008) gives the most recent picture of the current understanding 
of proteases in the green world. Even though approximately 40 different proteases have 
been identified and studied, for many of them a complete understanding such as 
subcellular location (AMP1, SNG1, BRS1), proteolytic activity (MPA1, VAR2, SDD1, 
ALE1), and the substrates that they target is still lacking.  
 On the other side of spectrum plant researchers have revealed some unique 
proteolytic processing with the possible involvement of unidentified proteases. Tailor and 
group discovered four small cysteine rich, basic peptides with antimicrobial properties 
that derived from a single precursor from the seeds of Impatiens balsamina with a 
predicted signal peptide for secretion. The cDNA of the precursor showed 6 mature 
peptides separated by small linker peptides that were proteolytically removed during 
maturation. Even though double acidic amino acid residues were predicted as the target 
sites for the processing protease, no concrete information is available about exactly which 
proteases are involved in this proteolytic processing (Tailor et al, 1998). Later research 
indicated this processing was likely to be to be conserved in other species as well, since 
Arabidopsis could successfully secret two unrelated proteins separated by one of the 
linker peptides in a construct from I. balsamina (Francois et al, 2002). Researchers 
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predicted the involvement of one or more endoproteases with subsequent trimming by 
amino/carboxypeptidases in the maturation process.  
 Plant aspartic proteinases also undergo a unique proteolytic processing, where the 
central peptide, plant specific insert, is removed proteolytically. Even though the exact 
mechanism or the location of the proteolysis is still debated, involvement of 
endoprotease/s in combination with carboxy/amino peptidases, either in the secretory 
pathway and/or in protein storage bodies, is predicted. (Castanheira et al, 2005; Simoes et 
al, 2004).  
 In this study we conducted a detail analysis to understand the proteolytic 
processing of a Chlamydomonasi secreted protein, periplasmic carbonic anhydrase 1 
(CAH1). Carbonic anhydrase is a universal enzyme that catalyzes the reversible 
hydration of CO2 (CO2 + H2O  H2CO3- + H+). Exposure to limiting CO2 
concentration results in a stress-induced acclimation response in Chlamydomonas known 
as the carbon dioxide concentrating mechanism, CCM, a related component of which is 
induction of a nuclear gene CAH1 producing the CAH1 protein (Fukuzawa et al. 1990, 
Fujiwara et al. 1990). The primary translation product of CAH1 is a pre-protein calculated 
to be 41.6 kDa. This protein undergoes intense post translational modification to give rise 
to a glycosylated heterotetramer assembled with disulphide bridges, and which is secreted 
(Fukuzawa et al 1990). CAH1 has a 20 amino acid signal peptide that targets the pre-
protein to the endoplasmic reticulum. During the post-translational processing, the signal 
peptide and a 35 amino acid peptide stretch termed the “spacer” are proteolytically 
cleaved to give rise to one large and one small subunit. Oligomerization results in the 
formation of a hetero-tetramer comprised of two large subunits and two small subunits 
held together by disulfide bridges (Kamo et al 1990). We devised several deletion 
experiments in order to understand the elements required for proteolytic removal of the 
spacer peptide from the pre-protein. We deleted or replaced key amino acid motifs either 
at the junction sites of the subunits and the spacer, or within the spacer peptide in order to 
elucidate any possible role played by these motifs in proteolysis of the spacer peptide. 
The failure of these experiments to pinpoint any specific amino acid motif controlling the 
proteolysis of the CAH1 preprotein, in addition to the successful proteolysis of the 
modified constructs with spacers containing a reverse amino acid sequence or with a 
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completely altered amino acid sequence, suggests a unique, mostly opportunistic 
proteolytic processing. Our later experiments involving constructs with progressively 
reduced number of amino acids separating the disulfide bond forming cystine residues of 
the large and small subunits support our prediction. The number of amino acids 
separating the large and small subunits appears to be the limiting factor for successful 
proteolysis. A construct with 8 amino acids separating the disulfide bond forming cystine 
residues was found to be unprocessed. Constructs with 14 and 17 amino acids separating 
the disulfide bond forming cystine residues showed mixed populations of processed and 
unprocessed protein molecules, while once the number of amino acids increased beyond 
21, complete processing was observed. From our results we concluded that CAH1 
processing is more or less opportunistic. We predict involvement of unidentified 
endoproteases to make initial, perhaps non-specific cuts, the efficiency of which is related 
to the physical distance between the disulfide-bond-forming cystine residues of the large 
and small subunits. The observed variable N-terminal sequences from the small subunit 
in most experiments suggests that after the initial cut, the exposed residues are cleaved by 
aminopeptidases and carboxypeptidases until steric hindrance of the folded large and 
small subunits prevent them from cleaving any further. The action of aminopeptidases 
(STE13) and carboxypeptidases after the initial cleavage by an endoprotease Kex2 in the 
post-translational maturation of α mating factor has been confirmed in yeast (Kjeldsen 
2000). A similar mechanism has been proposed for the proteolysis during 
posttranslational maturation of 4 antimicrobial proteins from I. balsamina seeds, in which 
the presence of controlled proteolysis that yields from a single pre-protein 4 separate 
proteins separated from each other by amino acid stretches termed linker peptides is 
suggested. Even though involvement of a protease targeting diacidic sites, such as Asp-
Glu, followed by the action of amino and carboxypeptidases was speculated to be 
responsible (Tailor et al, 1997), the published work does not demonstrate or test the 
involvement of a specific endoprotease or the requirement for a specific amino acid 
sequence in the linker peptides, so it is possible that this processing of antimicrobial 
proteins from a pre-protein in I. balsamina might also proceed via a mechanism similar to 
that we describe here for Chlamydomonas CAH1 pre-protein in Arabidopsis.  Our 
inability to pinpoint a requirement of any specific amino acid sequence for the proteolysis 
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suggests involvement of unknown, probably multiple, opportunistic endoproteases. Plant 
genomes encode hundreds of proteases but very few have been fully characterized. A 
mere fact that out of 70 subtilases that the Arabidopsis genome encodes, biological 
function is known for only two (ALE1 and SDD1; van der Hoorn, 2008) suggests the 
sheer amount research efforts required.  
 Our research demonstrates a unique and apparently previously unknown 
proteolytic processing pathway. More research efforts are required to understand this 
process completely, and the very existence of the process, which clearly does not exist in 
Arabidopsis to process Chlamydomonas CAH1, raises the important question of how 
many other proteins and which other proteins are processed in a similar way. 
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